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ABSTRACT 
VEGETATION PATTERNS AND ASSOCIATED HYDROGEOCHEMICAL 
CYCLES IN A CALCAREOUS SLOPING FEN OF SOUTHWESTERN 
MASSACHUSETTS 
MAY 2002 
DEBORAH J. PICKING, B.S., EAST STROUDSBURG UNIVERSITY 
M.S., EAST STROUDSBURG UNIVERSITY 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Peter L. M. Veneman 
Calcareous wetlands are rare in New England due to the limited occurrence of 
limestone-rich bedrock. Because of their great floristic diversity and their support of 
numerous rare and uncommon plant species, these habitats are targeted for 
conservation. Little is known about the intricate workings of these ecosystems. This 
research contributes significantly to understanding the complex biogeochemical 
relationships that exist between the plant and soil systems in calcareous freshwater 
wetland environments as a whole. 
A 3-year field study was initiated in May 1996, to collect data on soils, 
geochemistry, and hydrology along a 250-m-long transect. Monitoring was concentrated 
within the rooting zone. Field monitoring and water sampling were conducted biweekly 
across three growing seasons. Measurements were made for soil-water pH, 
conductivity, total iron, alkalinity and several dissolved metals. Strong seasonal patterns 
v 
were observed for several parameters including calcium and iron. Seasonal changes in 
geochemistry were evaluated using Solmineq.88. a thermodynamic model. 
In July 1997, soils were sampled adjacent to each replicate instrumentation 
cluster and standard analyses conducted. Significant differences were measured 
between the stations for pH, cation exchange capacity, exchangeable calcium, 
phosphorus, manganese, and biologically available iron. 
A detailed vegetation analysis was completed in July 1997. High species 
richness and turnover were measured across the site. Ordination and cluster techniques 
were used to analyze the vegetation patterns and relate these to environmental site 
variables. The ordinations suggest that gradients in both soil chemistry (e.g.. pH, 
exchangeable calcium, phosphorus, and iron) and geochemistry (e.g., pH and dissolved 
calcium) may have strong influences on the vegetation patterns observed in this study. 
These research results will serve as a baseline for the geochemistry in the greater 
watershed region, representing a relatively undisturbed system. No fen studies currently 
exist (for any geographical region) that monitored soil and geochemical parameters 
throughout the growing season. This research demonstrates the importance of seasonal 
sampling to describe the cycles present in site biogeochemistry accurately, and it 
defines several geochemical parameters that strongly influence plant species occurrence 
and distribution within these environments. This detailed analysis provides valuable 
information for conservation managers seeking to identify areas for future conservation, 
preservation, or restoration efforts. 
vi 
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CHAPTER 1 
INTRODUCTION 
Calcareous wetlands are rare in the New England region of the United States due 
to the limited occurrence of limestone bedrock. Motzkin (1984) provides the only 
comprehensive floristic inventory of calcareous fens in the New England region. In 
North America, most studies of base-rich wetlands have focused on systems in the Great 
Lakes Region (Schwintzer 1978, Komor 1994) and Canada (Vitt et al. 1975, Slack et al. 
1980, Sims et al. 1982, Karlin and Bliss 1984, Chee and Vitt 1989, Vitt and Chee 1990). 
Most of these studies describe vegetation composition (usually on a regional scale), and 
then they contrast and compare (i.e., classify) these systems using a limited number of 
geochemical parameters. The study of geochemical processes has become more 
prevalent, with much literature from the 1990s focusing on water balance and 
hydrogeological processes in peatlands (Wassen et al. 1990a, 1990b, McNamara et al. 
1992, Gilvear et al. 1993). Also prevalent has been the study of nutrient dynamics and 
the effects of nitrogen (N) and/or phosphorus (P) limitation on biomass production, 
vegetation composition, and species richness (Koerselman and Meuleman 1996, 
Verhoeven et al. 1996, Bedford et al. 1999). No fen study currently exists, for any 
geographical region, that has monitored soils, hydrology, and geochemical parameters 
both temporally and spatially within a single fen system across multiple growing 
seasons. 
Calcareous wetlands are targeted for conservation due to their great floristic 
diversity and their support of numerous rare and uncommon plant species. Much work is 
1 
being done by conservation organizations such as the Massachusetts chapter of The 
Nature Conservancy to preserve these environs and restore degraded habitats. Little is 
known about the intricate workings of these ecosystems. This research contributes to 
understanding the complex biogeochemical relationships that exist between plant and 
soil systems in calcareous freshwater wetland environments as a whole. 
These research results can serve as a baseline for the geochemistry in the greater 
watershed region, representing a relatively undisturbed system. No fen studies currently 
exist (for any geographical region) that monitor soil and geochemical parameters 
throughout the growing season. This research demonstrates the importance of seasonal 
sampling to describe accurately the cycles present in site biogeochemistry. This work 
also discusses the limitations of using wells and deep piezometers to monitor surface 
hydrology in a sloping fen system. This research details the fine-grain patch dynamics of 
vegetation distribution within a seemingly homogenous system, and it defines several 
geochemical parameters that strongly influence plant species occurrence and distribution 
within these unique calcareous environments. 
These intricate natural systems cannot be effectively managed, much less 
restored or enhanced, without additional research that first defines and then explores the 
dynamics of wetland plant-environment interaction. This type of information may be 
invaluable to management efforts to restore degraded habitats tor the reestablishment ot 
rare species having particular geochemical niches. 
2 
Study Objectives 
To understand better the dynamics of the plant-environment interactions present 
in these unique plant communities, a study was initiated in May 1996 to monitor the 
hydrogeochemical cycling occurring within one such calcareous fen. This study had the 
following four objectives: 
1. To provide a baseline of temporal and spatial hydrological and geochemical 
patterns within a calcareous sloping wetland system by monitoring hydrology, 
soil redox, soil matric potential, soil temperature, and soil-water geochemistry 
across three growing seasons. 
2. To describe soil morphology along the study transect and to determine where 
statistically significant differences exist, and to analyze relationships between 
soil morphology and multiple hydrogeochemical variables. 
3. To provide a detailed floristic analysis of vegetation associations across the 
project site and to identify those species that were well distributed across the site 
and whose distribution appeared to be responding to some “gradient’' in the 
environment. 
4. To relate changes in vegetation community patterns to measured differences in 
soil, hydrological, and geochemical parameters. 
Results of this research are presented in four separate chapters, each addressing 
one objective. This chapter provides a general introduction to the research, defines the 
research objectives, describes the research site, and presents a general literature review. 
Chapter 2 details the hydrology and geochemistry within this calcareous sloping wetland 
system (objective 1). Soil morphology (objective 2) is described in Chapter 3, and 
Chapter 4 presents a detailed vegetation analysis (objective 3). Environmental site 
variables are correlated with vegetation distribution in Chapter 5 using ordination 
techniques to perform an indirect gradient analysis (objective 4). Chapter 6 provides a 
summary and discussion of the research results, including the potential significance of 
this work to conservation management. Inasmuch as this research provided answers to 
numerous questions about the hydrogeochemistry of calcareous sloping fens, it also 
spawned many additional questions. Chapter 6 concludes with a list of newly raised 
questions about these systems and provides ideas for possible future research in this 
field. 
Site Description 
The research site is situated in the extreme southwestern corner of Massachusetts 
in the town of Sheffield, Berkshire County (42°4/15,/ N / 73°23'15" E) (Fig. 1.1). The 
project site lies roughly 200 m above sea level (a.s.l.). Fens in the region range in 
elevation from 75 to 400 m (a.s.l.), with most sites between 150 and 300 m (Motzkin 
1994). The site has an average slope of approximately 2% with a western aspect. The 
project site discharges directly into Schenob Brook, a tributary to the Housatonic River. 
The site is underlain by metamorphic calcareous bedrock known as the Stockbridge 
4 
Figure 1.1. Study site location in southwestern Massachusetts, USA. 
5 
Formation, with the schist and phyllitic materials of the Walloomsac Formation situated 
in the highlands upgradient of the site (Zen and Hartshorn 1966). Glaciofluvial deposits 
form the parent materials over most of the site, with localized histic accumulations. 
According to Weiss (1984), this region has three interconnected aquifer systems: (1) 
locally thick stratified drift deposits lying above fractured calcareous bedrock in the 
valley; (2) fractured and faulted granite, gneiss, and schists in the surrounding uplands; 
and (3) the calcareous bedrock of the Stockbridge Formation. Motts (1982) suggested 
that groundwater recharge occurs in the crystalline bedrock uplands and flows through 
the carbonate bedrock underlying the valley, and finally, under artesian pressure, these 
waters ascend and recharge the stratified drift overlying the carbonate bedrock. 
The climate is continental, with cold winters and relatively warm summers. 
Average seasonal temperatures range from -4°C in winter to 19°C in summer (Scanu 
1988). Average annual precipitation is 108 cm, which is fairly evenly distributed 
throughout the year (Northeast Regional Climate Center 2001), but the 3-year study 
period (1996-1998) experienced a range in precipitation conditions (Table 1.1). In 1996, 
precipitation exceeded norms by 144%. Precipitation levels were only slightly below 
average (94% of average) for 1997. Although the total annual precipitation for 1998 was 
equal to the 30-year average value, monthly distribution patterns deviated from average 
levels, with above average (157%) precipitation measured in early summer (Table 1.1). 
Geochemical Setting 
The study site is a calcareous fen (after Petersen 1989), exhibiting significant seasonal 
and spatial variations in water chemistry. Using a classification scheme based on surface water 
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Table 1.1 Local precipitation data, recorded at Falls Village, Connecticut. 
Year 
Apr. May Jun. July Aug. Sept. Oct. Nov. Annual 
Total 
I I VV 1 L/ 1 IdlIVJI1 ywllly 
1996 16.5 12.1 6.4 25.5 5.2 15.9 14.2 8.7 155.5 
1997 12.8 9.9 4.1 9.3 10.9 2.6 4.1 16.0 101.8 
1998 8.7 9.2 16.8 14.8 2.0 8.5 14.1 5.7 108.8 
30-yr. 
Avg. 
9.3 10.2 10.8 9.3 11.1 9.0 8.3 9.3 108.3 
Source: Data supplied by Northeast Regional Climate Center, Cornell University, Ithaca, NY. 
t Based upon 1961 to 1990 data. 
pH (Vitt 1994), this site lies at the threshold between a “moderate-rich" and an 
“extreme-rich” fen, but its temporal and seasonal geochemical fluctuations are more 
consistent with the character of the moderate-rich fen type (Vitt and Chee 1990). 
Study Layout 
An approximately 250-m-long transect was established from east to west along 
the descending topographic gradient (Fig. 1.2). Sampling stations were established along 
the transect within several visually distinctive, predominantly herbaceous wetland plant 
communities. It was reasoned that these herbaceous areas would be most reflective ol 
current site hydrology and geochemistry. The eight sampling stations were centered 
within apparently homogenous stands of vegetation and spaced far enough apart to avoid 
sampling the ecotones between adjacent communities (Fig. 1.2). 
Triplicate instrumentation arrays were established at Stations 1, 2, 3, 5, 6, and 7. 
Sampling was concentrated within the herbaceously dominated communities, with the 
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intent of contrasting and comparing the soil/geochemical environments of each. 
Replicate instrumentation arrays were aligned perpendicularly to the prevailing 
topographic gradient such that each replicate within a station was sampling the same 
relative elevation along the transect. Replicate arrays were spaced 5 m apart in an effort 
to sample the range of natural (expected) variability in hydrology and geochemistry 
within each of the vegetation communities without extending beyond the visible limits 
of the community of interest. Soil and groundwater monitoring was concentrated at 
relatively shallow depths (15 and 30 cm) to gain information about the rooting 
environment. 
Station 8 was limited to a single instrument array for the first year of sampling 
(1996), with replicate instrumentation arrays added in spring 1997. Station 4 was 
situated within a forest community, and sampling was limited to a single pair of nested 
piezometers for the length of the study. 
Four stations were selected for detailed vegetative analysis because of 
similarities in vegetation structure, water table profile, and disturbance history. Three ot 
the stations (Stations 1, 2, and 8) were juxtaposed at the east end of the transect, with the 
fourth (Station 6) spatially separated to the west (Fig. 1.2). These four stations were 
dominated by herbaceous vegetation and had soils that were saturated to the ground 
surface for all but three weeks during the 1996 growing season. The site has a historical 
use as pasture, and 10 to 15 head of cattle were allowed to graze the study site between 
the months of May and November. Exclosures were erected around the sampling stations 
in May 1997 to prevent disturbance of the vegetation prior to sampling tor this study. 
Vegetation and soils were sampled in July 1997. The site was monitored tor 
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geochemistry, hydrology, and in situ soil conditions over the course of three growing 
seasons, with observations concluding in November 1998. 
Station Descriptions 
Station 1 was located at the highest topographic position on the site (Fig. 1.2). 
This station was positioned in a shallow drainage saddle, and an off-site swale 
periodically discharged surface runoff at this location, causing occasional ponding (up to 
15 cm). The vegetation was a mixture of sedge meadow-rich fen species and shallow 
marsh aquatics (Appendix A). Soils were very poorly drained, and surface organic 
matter levels averaged 18%, extending an average depth of 39 cm. 
Station 2 was situated approximately 50 m west and directly down-gradient of 
Station 1 (Fig. 1.2). This station had fen-sedge meadow vegetation (Appendix A). 
Shallow sheet flow (0-2 cm) was evident early in the growing season. Soils were poorly 
drained to very poorly drained. Surface organic matter averaged 40% and extended an 
average depth of 27 cm. Past cattle trampling at this station produced a hummocky 
microrelief of roughly 0 to 10 cm. 
Station 3 was located 40 m west and directly down-gradient of Station 2 (Fig. 
1.2). This station had fen-sedge meadow vegetation, and the soils were very poorly 
drained. Surface organic matter content averaged 32% and extended to an average depth 
of 29 cm. This station was initially intended to be included in the vegetation aspect of 
this study. Unfortunately, several cattle broke through the exclosure fencing just prior to 
sampling, resulting in severe trampling and grazing disturbance and rendering the station 
unusable for the vegetation analysis (Appendix A). 
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Station 4 was located 45 m west, immediately down-gradient of Station 3 (Fig. 
1.2) and situated within a forested wetland area. This station was of limited interest in 
this study and was intended only to provide additional hydrological information along 
the transect. 
Station 5 was sited just west of the forest edge, approximately 30 m down- 
gradient of Station 4 (Fig. 1.2). The vegetation was predominately scrub-shrub, and the 
soils were somewhat poorly drained. Organic matter content averaged 9% in the surface 
horizon, and hydric soils were present across most (but not all) of the area. This station 
was excluded from detailed vegetation sampling and subsequent gradient analysis 
because it was clear that the drier hydrologic/soil conditions would dominate any 
explanation for the vegetation composition. 
Station 6 was situated at the toe slope position (Fig. 1.2) and had standing water 
early in the growing season. A small swale discharged surface waters from higher on the 
site, and upwelling springs were evident from isolated eddies in standing pools of water. 
Vegetation was a mixture of sedge meadow and shallow marsh species (Appendix A). 
Soils were poorly drained. Surface organic matter averaged 9% and extended to an 
average depth of 25 cm. 
Station 7 was located at the extreme western end of the transect in the floodplain 
of the Schenob Brook (Fig. 1.2). Vegetation in this area was entirely herbaceous, 
consisting of a variety of emergent aquatic and shallow marsh species. The alluvial soils 
were very poorly drained, with surface organic levels averaging 19%. Surface ponding 
was common, with occasional episodic flooding events occurring throughout the 
growing season. This station was not included in the vegetation/gradient analysis 
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because it was clear that the decidedly different hydrologic conditions present here 
would dominate any other explanatory environmental variable. 
Station 8 was situated in the upper reaches of the transect, just north of Stations 1 
and 2 (Fig. 1.2). This station had fen meadow vegetation (Appendix A) and displayed an 
obvious increase in dicotyledon species compared with Stations 1 and 2 (only ± 50 m 
away). The soil morphology was different as well. Although the soils were poorly 
drained, color patterns differed from Stations 1 and 2. Surface organic matter content 
averaged 19%, with an average horizon depth of 19 cm. Moderate cattle trampling at this 
station resulted in a microrelief of approximately 0 to 10 cm. 
Literature Review 
This literature review is presented under a number of headings representing the 
most common subdisciplines of fen research: classification, geochemistry, 
hydrogeology, nutrient dynamics, vegetation, and environmental gradient analysis. The 
discussion focuses on base-rich minerotrophic wetland systems most comparable to the 
Sheffield study site. 
Overview 
Calcareous fens are rare in the New England region of the United States due to 
the limited occurrence of limestone bedrock. Motzkin (1994) provides the only 
comprehensive floristic inventory of calcareous fens in the New England region. In 
North America, most studies of base-rich wetlands have focused on systems in the Great 
Lakes Region (Schwintzer 1978, Komor 1994) and Canada (Vitt et al. 1975, Slack et al. 
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1980, Sims et al. 1982, Karlin and Bliss 1984, Chee and Vitt 1989, Vitt and Chee 1990). 
Most of these studies describe vegetation composition (usually on a regional scale), and 
then they contrast and compare (i.e., classify) these systems using a limited number of 
geochemical parameters. The study of geochemical processes has become more 
prevalent, with much literature from the 1990s focusing on water balance and 
hydrogeological processes in peatlands (Wassen et al. 1990a, 1990b, McNamara et al. 
1992, Gilvear et al. 1993). Also prevalent has been the study of nutrient dynamics and 
the effects of nitrogen (N) and/or phosphorus (P) limitation on biomass production, 
vegetation composition, and species richness (Koerselman and Meuleman 1996, 
Verhoeven et al. 1996, Bedford et al. 1999). No fen study currently exists, for any 
geographical region, that has monitored soils, hydrology, and geochemical parameters 
both temporally and spatially within a single fen system across multiple growing 
seasons. 
Fen Classification 
Fens, and peatlands in general, have been classified--or at the very least 
described—using a handful of easily measured geochemical parameters, with pH. 
conductivity, calcium, and bicarbonate being most common. The most fundamental 
division is made between those systems that are ombrotrophic (rain-fed) and those that 
are minerotrophic (groundwater fed). Fens, by most definition schemes, are 
minerotrophic but may exhibit a large range in their geochemical composition based on 
the characteristics of the telluric water (water that has percolated through mineral soil or 
bedrock) in the system. 
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Considerable evidence exists to support the hypothesis that water chemistry 
(specifically, pH and ionic composition) strongly affects the composition and 
distribution of fen vegetation communities based on broadly defined minerotrophic 
levels (Vitt et al. 1975, Schwintzer 1978, and others). One classification scheme (Moore 
and Bellamy 1974) identifies three general classes ranging from weakly minerotrophic 
peatland (water chemistry: pH 4-5; Ca, 2-5 mg L'1 2), moderately minerotrophic peatland 
(pH 5-7; Ca, 5-30 mg L'1), to strongly minerotrophic peatland (pH 7-8; Ca, > 30 mg L'1). 
Karlin and Bliss (1984) comment that these ionic ranges are simply arbitrary divisions 
along a continuum, noting that no consensus on these divisions exists among the 
scientific community. Other researchers acknowledge that although water chemistry may 
be a major factor in determining the type of fen community that develops, relatively high 
standard deviations make it difficult to classify fens solely on minerotrophy (Sims et al. 
1982). 
Several classification schemes based solely on groundwater pH vary somewhat 
but resemble the classification of Jeglum (1971) with oligotrophic fens (pH < 5), 
mesotrophic fens (pH 5-6), and eutrophic fens (pH > 6). Petersen (1989) recognized that 
calcareous fens fit none of these categories and so developed his own classification 
scheme that divides fens and wet meadows into the four following groups: 
1. Oligotrophic fens: pH < 4.5; soil is low in P and N. 
2. Mesotrophic fens and wet meadows: pH and available P and N are 
intermediate between the values found in oligotrophic tens and eutrophic fens. 
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3. Eutrophic fens and wet meadows: base saturation is high, soil pH > 5.5, and 
available P and N are high. 
4. Calcareous fens and wet meadows: soil contains free CaCCh and base 
saturation is very high, pH is circumneutral to slightly alkaline, available P is 
low, and N may be variable. 
Other common terminology refers to fen classification along a “poor fen” to 
“rich fen” gradient. Although these terms are often found in the literature to connote a 
direct minerotrophic gradient, they were originally related to the low number of 
characteristic species present in a “poor” Sphagnum-dominated (ombrotrophic) peatland 
as opposed to the high number of characteristic species present in a species-“rich” brown 
moss-dominated (strongly minerotrophic) peatland (Vitt 1994). The terms “poor” and 
“rich” have also been used to relate overall species richness on these sites, and such 
richness often reflects an underlying (minerotrophic) hydrotopographical-chemical 
gradient (Sjors 1952). Regardless of whether the chemistry or the vegetation is used to 
define a particular poor or rich fen class, the relationship between water chemistry and 
the resulting vegetation communities have been well studied (Gorham 1956, Sjors 1963, 
Jeglum 1971, Vitt et al. 1975, Slack et al. 1980. Sims et al. 1982, Karlin and Bliss 1984. 
Vitt and Chee 1990). 
Whereas most classifications schemes are defined using mire water chemistry. 
Maimer (1986) notes that the use of water chemistry for classification purposes may be 
hampered by periodic variation in water supply. Maimer proposes that substrate 
chemistry may be a better tool to analyze for fen vegetation study because it is less 
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subject to seasonal variation. Several attempts have been made to include substrate 
variables, namely peat thickness, moisture levels, and substrate chemistry, in wetland 
community descriptions (Jeglum 1971, Sims et al. 1982, Ashworth 1997, Vitt and Chee 
1990, Motzkin 1994). 
Fen Geochemistry 
As previously described, most fen/wetland studies attempt to classify broad 
vegetation associations and describe them with only a few environmental parameters. 
Few studies actually focus on the geochemistry, and those that do base their conclusions 
either on a single seasonal sampling or, at best, two samples collected in fall and spring. 
Nearly all works are based upon research conducted outside this geographical region and 
thus they have limited comparability to this present study. 
One study that can be directly compared was completed by Motzkin (1994).This 
study examined the vegetation dynamics and environmental gradients of base-rich fen 
systems in the greater New England region and classified 55 releves from 24 fen sites 
across the region. Water samples were analyzed for pH, electrical conductivity, calcium, 
magnesium, and phosphorus. No sampling dates were given in the literature. Surface 
waters were found to range in pH from 6.0 to 8.1, with calcium levels of 8 to 65 mg L'1 
and magnesium levels of 4 to 32 mg L'1. Phosphorus was low and was detectable in only 
8 of 55 samples (with detection limit of 0.15 ppm). 
Even more recently, related work has been done in the greater New York State 
region by Barbara Bedford and associates at Cornell University. Most of this work, 
however, has not yet been published (Bedford et al. 1999). Bedford s study has been 
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examining both nutrient availability and hydrogeomorphic processes in temperate North 
American wetlands (Bedfordpers. comm.). 
The most comprehensive hydrogeochemical fen study in the literature was 
conducted by Komor (1994), who examined the geochemistry and hydrology of a 
calcareous fen within the Savage Fen complex in Minnesota. The primary focus of this 
study was to identify recharge sources of the fen by looking at oxygen isotope chemistry 
of the fen's shallow and deeper groundwater and comparing it with surface waters and 
groundwaters elsewhere in the watershed. Water samples were collected from 
piezometers for chemical analysis in July and November 1992. Many elements were 
analyzed. Komor reports only the means of the two sampling dates. The following 
shallow groundwater constituents are comparable to the present study: pH, 6.8; 
conductivity, 807 pS/cm; calcium, 128.3 mg L*1; magnesium, 30.9 mg L*1; alkalinity, 
8.44 meq L'1; chloride, 3.2 mg L'1; sulfate; 8.7 mg L1; total iron, 0.1 mg L'1; manganese, 
0.4 mg L'1; total organic carbon, 10.6 mg L1. Concentrations of most constituents were 
reportedly similar in the July and November samplings, with the exception of sulfate and 
related sulfur compounds. Sulfate levels were approximately 30 to 40% higher in July 
than in November. Komor also looked at hydrologic gradients and took piezometer 
measurements four times between June and October 1992. Average water table depths 
across the fen ranged from 0.05 m to 0.5 m below ground. Using a nest of piezometers 
(with the deepest installed at about 8 m below ground), Komor determined there to be a 
positive vertical groundwater flow with a minimum gradient of 0.03m/m 
(vertical/horizontal distance). 
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Chee and Vitt (1989) examined geochemical gradients in the surface waters of 
Alberta fens. Fourteen moderate-rich fen stands were examined, and their surface waters 
sampled both in May and September. The pH of the water in the stands ranged from 5.8 
to 7.1 in the spring and 5.3 to 6.9 in the fall, whereas conductivity ranged from 12 to 225 
pS/cm (spring) to 18 to 240 pS/cm (fall). Most ion levels were higher in the fall, but few 
of these differences appeared significant (Appendix B). One can only speculate whether 
more differences might be found with more intensive repeated sampling across the entire 
growing season. Vitt and Chee are some of the first researchers in the literature to 
recognize the value of (and need for) repeated seasonal sampling to characterize 
geochemical gradients. These same authors comment in a subsequent publication (Vitt 
and Chee 1990) that it is often difficult to separate the effects of water chemistry from 
those of hydrology and the influence hydrology has on ionic fluxes. They note that 
moderate-rich fens are chemically variable both temporally and spatially, whereas poor 
fens and extreme-rich fens are more stable ecosystems. 
Slack et al. (1980) studied nine (mostly patterned) fens in Alberta and sampled 
surface waters in these areas in August and September. Calcium levels were found to 
range between 18 and 37 ppm. magnesium levels ranged between 4 and 18 ppm. mean 
pH values ranged between 6.8 and 7.9, and electrical conductivity varied from 140 to 
456 pS/cm. 
Schwintzer’s study (1978) of five northern Michigan fens revealed shallow 
groundwater with pH values ranging from 5.7 to 7.0 and calcium concentrations of 11.0 
to 75.0 mg L'1. Mean magnesium levels ranged from 2.8 to 17.8 mg L‘\ and mean 
alkalinity values ranged from 29 to 228 mg CaCO:, L1. Water chemistry samples were 
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collected for this study in July and August of 1974 and 1975. These results are 
reasonable similar to those of the current study when looking at late-summer conditions. 
Water tables ranged across the five fens studied (with mean values from 10 to 72 cm 
below ground surface) as measured at the time of vegetation sampling during the 
summer of 1977. It should be noted that data for water tables and water chemistry were 
measured during different years and not necessarily during the same months. 
Interpretation of these combined data should be done with caution. 
Karlin and Bliss (1984) reported geochemical parameters from six study sites in 
Alberta, Canada, that were classified based on water chemistry ranging from weakly 
minerotrophic peatland (water chemistry: pH 4-5; Ca, 2-5 mg L1) to moderately 
minerotrophic peatland (pH 5-7; Ca, 5-30 mg L'1) to strongly minerotrophic peatland 
(pH 7-8; Ca, > 30 mg L'1) (after Moore and Bellamy 1974). Study sites in the moderately 
to strongly minerotrophic ranges showed great spatial variability in water chemistry (pH: 
7.2-8.2, 7.4-8.0; Ca: 38-120 mg L1, 31-104 mg L1; Mg: 26-53 mg L’\ 10-25 mg L1; N = 
60, N = 7, respectively). Both of these sites were patterned fens fed by calcareous 
springs. No mention was made in the study regarding how or when the water samples 
were collected, so it is impossible to conclude if the reported ion ranges are due more to 
temporal or to spatial effects. The authors comment that variations in water chemistry 
within a peatland may arise largely from patterns in groundwater flow. Although that is 
clearly evident in patterned fens (such as those occurring in Alberta, Michigan and 
Wisconsin), this premise can logically be applied to any minerotrophic wetland system. 
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Hydrogeology 
In contrast to early works on wetland hydrology that sought to quantify water 
supply, recent hydrogeologic studies have focused on identifying the source of the water 
based upon the chemical composition. Species composition and standing biomass of fen 
vegetation are clearly related to water tables and to chemical factors that are established 
by water flow and by the mineral matter content of the peat (Wassen et al. 1990a). 
Particularly when dealing with minerotrophically rich fen systems, it is critical to 
identify (and preserve) the associated watershed and its underlying bedrock, surficial 
geologic deposits, and/or unique soil substrate that provide dominant ionic inputs to the 
system. Understanding the unique water balance for a particular wetland system is 
critical to developing models for vulnerability (i.e., potential impact) assessment 
(Gilvear et al. 1993). Wassen et al. (1990b) studied the effects of regional groundwater 
flow on several small mesotrophic fens harboring many rare species in the Netherlands. 
They determined that vegetation communities were controlled by (sub)regional 
hydrology and that most mesotrophic species were found in areas where groundwater 
discharge was rich in calcium and low in chloride. Those areas where chloride levels 
were higher provided evidence of (polluted) river water discharging within the wetland 
and leading to a more eutrophic condition (with a concurrent loss in mesotrophic 
species). Hydrologic management goals that would prevent further degradation of 
mesotrophic communities were discussed. 
In a study from Poland, Wassen et al. (1990a) relate fen vegetation composition 
to particular hydrologic sources (and the associated ionic/nutrient characteristics ot these 
waters). High-productivity (high-standing biomass) fens were those that were 
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periodically flooded with moderately eutrophic river waters (providing an important 
source of potassium). Interestingly, the shallow groundwater in these systems actually 
contained higher levels of calcium, phosphorus, and potassium than the river water 
itself. I his was thought to be the result of sedimentary loam deposited by the 
floodwaters that was subsequently exchanging ions (particularly calcium and potassium) 
with the interstitial peat waters. The low-productivity rich fens were found to be those 
receiving calcium-rich (phosphorus poor) groundwater discharge, whereas poor fens 
were those receiving predominantly precipitation inputs. 
In northern Minnesota, Siegel and Glaser (1987) studied the hydrology and 
geochemistry of a remote bog-fen complex and determined that even a small increase in 
the volume of groundwater discharge would be sufficient to neutralize the acidic waters 
on the bog surface and affect the vegetation composition. They hypothesized that this 
scenario was possible if there was a slight rise in the water table at the regional recharge 
area. 
In the Netherlands, Schot and Wassen (1993) determined that species-rich, low- 
productivity fens were being replaced by high-productivity fens, poor fens, and bogs 
largely as a result of natural processes, including the weathering (leaching) of the 
calcareous surficial deposits that supplied groundwater to these sites. In some instances, 
this change in ionic composition led to a change in nutrient availability as lower calcium 
levels resulted in less coprecipitation of phosphorus and hence the availability of more 
phosphorus for plant uptake. McNamara et al. (1992) examined vertical groundwater 
gradients in their study of the succession of a minerotrophically rich fen into an 
ombrotrophic, solute-poor, bog in western New York State. This succession was 
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attributed to a permanent change in the direction of vertical groundwater flow as a result 
of natural fen peat accumulation, which created a watertable mound within the fen that 
was higher than the regional groundwater. 
Nutrient Dynamics 
Although nutrient cycling per se is a prominent topic in many wetland studies, 
one of the most interesting aspects of this literature addresses nutrient limitation and its 
effects on plant biomass production, species richness, and community composition in 
wetland systems. Several articles contend that the role of calcium (and of magnesium) in 
base-rich systems is primarily that of a conditioning factor that secondarily controls 
important attributes for plant growth (including pH and the resultant solubility of other 
elements, cation-saturation of exchange sites and microbial processes that affect nutrient 
availability) (Wassen et al. 1990b). For instance, a high calcium concentration may lead 
to low phosphorus availability due to the formation of calcium phosphates of low 
solubility (Patrick 1974). Likewise, high calcium might lead to the preferential leaching 
of potassium (Maimer 1986) based on calcium-saturation of exchange sites in the 
soil/peat. These mechanisms suggest that phosphorus and potassium might be limiting in 
rich fen sites. In fact, easily extractable orthophosphate has been shown to be higher in 
ombrotrophic (bog and poor fen) peats than in rich fens (Waughman 1980). 
Boyer and Wheeler (1989) studied a similar phenomenon of calcium occurrence 
restricting phosphorus availability in their study of a rich fen seepage area in Sheffield. 
England. Distinct vegetation patterns were observed along seepage-ways in spring-fed 
calcareous fens. Low-growing (species-rich) vegetation was situated within and 
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immediately adjacent to the seepage tracks, with less species rich, taller vegetation 
abruptly beginning a short distance from the seepage track. Concentration of phosphorus 
in the leaves of the “short fen" vegetation was found to be significantly lower than that 
found in the tissues of the “tall fen" vegetation. Although a common water source (the 
seep) fed both areas, surface waters in the “short fen” were found to have significantly 
higher pH and significantly lower calcium, bicarbonate, and soluble reactive phosphorus. 
X-ray diffraction analysis of the minerals in the rooting zone of the “short fen” revealed 
a prominence of calcite. These researchers hypothesized that phosphorus availability was 
being controlled in this system by carbonate equilibrium relationships where degassing 
carbon dioxide at the springhead resulted in calcite precipitation with a concomitant 
adsorption of phosphorus. 
Koerselman and Meuleman (1996) examined the relationship of nutrient 
limitation on a community level and hypothesized that the nitrogemphosphorus ratio 
(N:P) of the vegetation directly indicates the nature of nutrient limitation on the 
community. Using fertilization studies in conjunction with tissue analysis, 40 
communities were classified as either N-limited, P-limited, or both. The N:P ratio 
greater than 16 was found to indicate P-limitation, whereas a ratio less than 14 indicated 
N-limitation and a ratio between 14 and 16 indicated a colimiting condition. In only 1 of 
40 fertilization studies did the N:P ratio give a false indication of nutrient limitation. 
Bedford et al. (1999) tested the utility of the N:P approach in their study of plant 
diversity in temperate North American wetlands. These researchers conducted an 
extensive literature survey to analyze the relationships among plant species composition, 
species richness, standing crop, and carbon:nitrogen:phosphorus stoichiometry in plant 
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tissues and surface soils and to draw conclusions about the nature of nutrient limitation 
across this wide spectrum of wetland communities. Although this work presents a good 
summary of the literature, few specific conclusions could be drawn. Plant tissue N:P 
ratios were highest in communities growing on peat versus mineral soils, and average 
surface soil N:P ratios were generally greater than 16 at organic matter concentrations 
above 20% (suggesting P-limitation in these systems). When grouped by wetland type, 
soil N:P ratios were significantly lower in marshes and swamps versus bogs and fens. 
For live tissue N:P ratios, marshes were significantly lower than swamps, bogs, or fens. 
Marshes tended to have higher concentrations of nutrients than the other wetland types, 
whereas bogs and fens tended to have lower N and P concentrations than either swamps 
or marshes. Other conclusions supported previously postulated theories that (1) plant 
community type changes across broad nutrient gradients, (2) species richness declines as 
various indicators of nutrient availability (e.g., biomass) increase beyond some 
threshold, and (3) rare and uncommon species are almost always associated with 
species-rich communities. These generalities, however, were not found to be consistently 
true within community types. Therefore, the authors conclude that it is not possible to 
use this information to predict the response of an individual system to possible nutrient 
additions. 
Vegetation 
Motzkin (1994) provides one of the few comprehensive floristic analyses for 
calcareous fens in the northeastern United States. Motzkin's survey of calcareous fens in 
western New England and adjacent New York State characterizes the vegetation 
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associations present in these habitats. Based on analyses of data from 55 (100 nr) 
releves, three general vegetation types were defined. Vegetation Group III of Motzkin’s 
study most closely matches the larger vegetation community identified in the present 
study. Motzkin’s Group III (identified as the Carex interior-C. leptalea-C. flava type) is 
characterized by Carex interior, C. leptalea, C. flava, C. hystericina, Larix laricina, 
Parnassia glauca, Solidago patula, S. purshii, and Thelypteris palustris, with Rhamnus 
alnifolia, Equisetum fluviatile, Equisetum spp., Ribes spp., and Cornus spp. also 
important. Rare species included Carex sterilis, C. tetanica, Equisetum scirpoides, 
Petasites palmatus, Lobelia kalmii, and Spiranthes romanzoffiana. 
This vegetation association has been described under several regional 
classification systems (Reschke 1990, Weatherbee and Crow 1992, Kearsley 1999). 
Kearsley (1999) described a similar “calcareous sloping fen” community for the 
Massachusetts Natural Heritage and Endangered Species Program. Kearsley noted that 
this wetland community type is the most nutrient- and species-rich of all the fen 
communities described for Massachusetts, with many associated rare plant and animal 
species. Of the eleven rare plants listed by Kearsley, 4 (Carex sterilis, Juncus nodosus, 
Lobelia kalmii, and Spiranthes romanzoffiana) were found in the present study. Reschke 
(1990) described a similar community for the New York Natural Heritage Program as a 
“rich sloping fen,” characterizing it as a peatland with variable structure and very high 
species diversity. Of the 28 characteristic herb/graminoid species noted, 14 were 
surveyed in the present study. Weatherbee and Crow (1992), while cataloging the natural 
communities of Berkshire County, Massachusetts, described a similar peatland system as 
a “sloping graminoid fen,” sometimes referred to as a “calcareous wet meadow. They 
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noted that many species characteristic of this community were also restricted to it and 
thus were considered rare. Of the twenty-one characteristic graminoid species listed by 
Weatherbee and Crow, 8 were found in the present study. A similar community is also 
described by McNamara et al. (1992) in their study of peatland development in a western 
New York State kettle hole system. Fen indicator species noted in this study include 
Solidago patula, Thalictrum pubescens, Carex lacustris, Carex flava, Carex sterilis, 
Circium muticum, Cypripedium reginae, Senecio aureus, Aster puniceus, and Spiranthes 
romanzoffiana. Although McNamara et al. (1992) did not use any quantified vegetation 
analyses in their study, it is clear that the community they describe bears a strong 
resemblance (based on overall species composition) to those mentioned above. The 
variability that exists between each of these “similar’communities may be due in large 
part to differences in microclimate, elevation, landscape position, substrate and 
groundwater chemistry, hydrological regime, microrelief, or disturbance history across 
the many sites cataloged. 
Although the specific vegetation association noted here appears limited to the 
greater New England region (Motzkin 1994), studies from other regions do occasionally 
mention some of the same species. Sims et al. (1982) note several species in their 
Ontario study that they consider characteristic of rich calcareous fens. One of these 
species (e.g., Carex leptalea) was found throughout the “upper fen” in the present study. 
Sjors (1963) presents a compilation of characteristic “rich-fen” species based on his 
work in Ontario. Many of these species were surveyed on the Sheffield site (e.g., 
Equisetum fluviatile, Selaginella selaginoides, and Lobelia kalmii). Vitt and Chee (1990) 
note that Equisetum fluviatile is common in their “rich fens” of Alberta, Canada. This 
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species was prevalent in the present study. Another Alberta study (Slack et al. 1980) that 
looked at a patterned fen complex identified 96 rich-fen species, only 2 of which occur 
here. Interestingly, they are the same two species noted above (e.g., Carex leptalea and 
Equisetum fluviatile). This Alberta study, however, focused on “patterned” fens where 
sharp boundaries existed between alternating flarks (pools of water) and strings (linear 
raised ridges) within the fen system. Although species common between the Alberta fens 
and this New England fen are few, overall species richness values can be compared. 
More than 150 species were isolated in the present study as compared with the 96 
species surveyed by Slack et al. (1980). Both of these values are considered high when 
compared with species richness values for poor fens. 
Calcareous fen complexes have also been studied in Michigan, Minnesota, and 
Wisconsin (Schwintzer 1978, Eggers and Reed 1988, Komor 1994). Plant communities 
from these regions bear a somewhat better resemblance to those seen here than do the 
Canadian examples. For instance, Schwintzer (1978) identifies the 30 most prevalent 
vascular species across five Michigan fens, and a third of them can be found in the 
present study (e.g., Triadenum virginicum, Lycopus spp., Thelypteris palustris, Typha 
latifolia, Aster spp., Galium trifidum, Galium sp., Potentilla fruiticosa, Lysimachia 
terrestris, and Eupatorium maculatum). 
It is impossible to compare the behavior of individual species among these very 
different study sites. Too many differences exist between the multitude of environmental 
variables responsible for a particular species' occurrence and distribution. Widescale 
variability in the floristic composition of these many fen communities may be due in a 
large part to climate, elevation, landscape position, substrate origin, or hydrological 
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regimes. A combination of any or all of these factors may simply limit the natural 
geographical distribution of a given species. 
Environmental Gradients and Vegetation Composition 
The basic correlation between vegetation and element content in mire waters has 
been well studied (Gorham 1956, Sjors 1963, Jeglum 1971. Vitt et al. 1975, Slack et al. 
1980, Sims et al. 1982, Karlin and Bliss 1984, Glaser et al. 1990, Vitt and Chee 1990). 
Karlin and Bliss (1984) found that distributional patterns of plant species in 
weakly minerotrophic peatlands were due more to (small-scale) gradients in moisture 
(vertical microtopography) than to gradients in substrate chemistry, yet that was not the 
case for strongly and moderately minerotrophic systems. In these cases, gradients in 
substrate chemistry strongly influenced plant species distribution. Karlin and Bliss 
(1984), however, comment on the notable lack of documentation that exists for North 
American peatland systems regarding gradients in substrate chemistry, both within and 
among peatland systems. 
Motzkin’s (1994) study of 24 fens in New England and New York measured 
several soil and water parameters whose gradients could be related to the occurrence of 
the three resulting vegetation groupings. When Motzkin ordinated the environmental 
variables for his 55 releves. he found that the releves representing the three vegetation 
groups separated along gradients for depth of organic sediments, pH, and degree of 
decomposition of organics. Even so, these gradients accounted for only 25% of the total 
variability in the vegetation, with depth to mineral soil being the only variable that 
varied significantly between the three groups. Group III wetlands (which best correspond 
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to the Sheffield, Massachusetts, study site) had the shallowest organic sediments (—20 
cm deep) compared with Groups I and II having 200+ and 100+ cm, respectively. 
Measurements of surface water pH showed a range of circumneutral to alkaline 
conditions, with the highest alkaline values (6.9-8.1) occurring in Group III. Both of 
these variables, as described for Group III, match the current study site very well. 
Glaser et al. (1990) studied a peatland complex in northern Minnesota that 
contains five vegetation associations corresponding to landform units: spring-fen 
channel, spring-fen forest, marginal swamp forest, water track, and raised bog. Each of 
these vegetation types was found to have a well-defined range of pH and calcium. 
Ordination of the plant data showed a close relationship between vegetation and both 
moisture and chemical gradients. Plots of species richness versus pH and calcium 
concentration show a peak in species to occur in the rich fen range. Interestingly, these 
species-richness relationships occurred fairly consistently in both forested and 
nonforested communities. Richness, however, was clearly highest in those habitats 
offering some microtopographic relief. Vegetation patterns within the nonforested fens 
correlated well to differences in water pH and calcium content. Even though steep 
geochemical gradients were also measured within the forested fen communities, these 
variable species assemblages provided little evidence of the gradients in water chemistry 
known to exist. These results suggest that herbaceous vegetation associations may be 
more sensitive (i.e., more reflective in their composition) to gradients in geochemistry 
and substrate than are forested communities. 
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CHAPTER 2 
HYDROLOGY AND GEOCHEMISTRY 
Introduction 
The effects of water chemistry, specifically pH and ionic composition, on the 
distribution of wetland vegetation are well documented (Sjors 1952, Jeglum 1971, Vitt 
et al. 1975, Schwintzer 1978, Slack et al. 1980, Maimer 1986, and others). Much of this 
early work was conducted simply to classify wetlands into categories based on subjective 
divisions along geochemical (ionic) gradients (Sjors 1963, Sims et al. 1982, Karlin and 
Bliss 1984, Petersen 1989). In nearly all the aforementioned studies, conclusions were 
commonly drawn by examining and contrasting large fen systems across a wide 
geographical base measuring only a handful of variables (pH, conductivity, and calcium 
most commonly). Although spatial replication was practiced, seasonal differences were 
largely ignored. 
Because the purpose of most of this early research was simply to describe basic 
geochemical differences between communities already separated based on visual 
vegetation differences, little attention was paid to documenting (much less 
understanding) the geochemical cycles within these systems. Only a few studies have 
focused on the dynamics of fen geochemistry for its own sake (Chee and Vitt 1989, 
Komor 1994). Chee and Vitt (1989) were among the first researchers in the literature to 
recognize the value of (and need for) repeated seasonal sampling to characterize 
geochemical gradients in fens. Seasonal studies are important not only to characterize 
30 
the geochemistry of a system, but also to identify the hydrologic controls on these same 
ionic gradients (Wassen et al. 1990a, Komor 1994). 
Little attention has been given to documenting and understanding the numerous 
environmental gradients (both spatial and temporal) that affect groundwater hydrology 
and geochemistry within a single fen system. Calcareous fens harbor numerous rare and 
endangered species, and an understanding of these hydrogeochemical relationships may 
be crucial to conservation efforts to preserve rare species and the unique geochemistry 
that supports them. 
This project was designed to provide an in-depth study of the complex 
hydrogeochemistry within a sloping calcareous wetland in western Massachusetts. It is 
the first study of its kind in this region, and this portion of the project had the following 
specific objectives: (1) to provide a baseline of data that quantifies the spatial variability 
of multiple soil/groundwater variables within a single calcareous sloping fen system, (2) 
to identify and document any seasonal differences in measured hydrogeochemical 
parameters and explain these cycles wherever possible, and (3) to compare these 
findings with other fen studies reported in the literature. 
Methods 
Experimental Layout 
Study areas (i.e., stations) were selected along the transect to be representative of 
the different vegetation communities present. Vegetation on the site was lush, with 
patchy composition giving the appearance of several small communities (60-100 nr) in 
relatively close proximity. Stations were centered within apparently homogenous stands 
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of vegetation and spaced far enough apart to avoid sampling the ecotones between 
adjacent communities (fig. 1.2). Eight stations were established along the approximately 
250-m-long transect, and triplicate instrumentation arrays were established at Stations 1, 
2, 3, 5, 6, and 7. Sampling was concentrated within the herbaceously dominated 
communities, with the intent of contrasting and comparing the soil/geochemical 
environments of each. Replicate instrumentation arrays were aligned perpendicular to 
the prevailing topographic gradient such that each replicate within a station was 
sampling the same relative elevation along the transect. Replicate arrays were spaced 5 
m apart in an effort to sample the range of natural (expected) variability in hydrology 
and geochemistry within each of these vegetation communities without extending 
beyond the visible limits of the community of interest. Soil monitoring was concentrated 
at relatively shallow depths (15 and 30 cm) to gain information about the rooting 
environment. 
Station 8 was limited to a single instrument array for the first year of sampling 
(1996), with replicate instrumentation arrays added in the spring of 1997. Station 4 was 
situated within a forest community and its sampling was limited to a single pair of 
nested piezometers for the length of the study. The site was monitored over the course 
of three growing seasons, with observations concluding in the fall of 1998. 
Soil and Groundwater Monitoring 
Each replicate instrumentation array included a shallow PVC well (to 60 cm), 
tensiometers (at 15 and 30 cm), Pt-redox probes (at 15 and 30 cm) with an associated 
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salt bridge, and a suction lysimeter (at 30 cm). Each sampling station also included a pair 
of nested piezometers (at 100 and 150 cm) and a temperature probe (at 30 cm). 
Wells and piezometers were constructed from 3.8-cm PVC pipe. In the wells, the 
below-ground portion consisted of slotted pipe, whereas the piezometers were solid pipe 
throughout. Neither the wells nor the piezometers were screened. Preliminary laboratory 
experiments showed that geotextile material was substantially hydrophobic and hindered 
water transmission. To avoid a potential lag (or delayed response) in the wells' reflection 
of actual groundwater levels, the geotextile material was not used. The coarse nature of 
the glaciofluvial substratum made it unlikely that the wells would experience substantial 
siltation. Water levels in wells and piezometers were measured manually using a 
custom-made electronic sensor. During the late summer, it was not uncommon to have 
water levels drop below the bottom of the shallow wells. In these instances, approximate 
water table measurements were inferred by calculation using measurements from the 
nested piezometers at that station. 
Redox probes were constructed following Vepraskas and Bouma (1976). Salt 
bridges were constructed and installed in accordance with Veneman and Pickering 
(1983). Raw redox data were collected using a calomel (Hg-HgCl2) electrode. All Eh 
data reported here have been standardized against the hydrogen electrode by adding 240 
mV to the raw readings (Ransom and Smeck 1986). Although redox data were collected 
for three entire growing seasons, data from individual probes were occasionally 
disregarded when the probes produced highly erratic readings. 
Tensiometers were constructed using 'A-inch-diameter, round-bottom, 0.1-MPa 
ceramic cups from Soil Moisture Equipment Corp. (Santa Barbara. CA) attached to the 
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desired length of Schedule 80 PVC pipe and capped with a self-sealing rubber septum 
(available from Soil Measurement Systems, Tuscon, AZ). Tensiometer measurements 
were taken using a tensimeter (Soil Measurement Systems, Tucson, AZ). Soil 
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temperatures were monitored with Yellow Springs Instrument Model 401 thermistors. 
Suction lysimeters were constructed using 0.1-MPa porous ceramic cups (Soil 
Moisture Corporation, Goleta, CA). Lysimeters were installed using a 3.8-cm handheld 
auger such that the porous cup was in contact with native (i.e., undisturbed) soil. The 
remaining excavation was backfilled with native soil. The upper 2 to 3 cm around the 
casing were filled with bentonite powder to prevent short-circuiting by surface water. To 
collect a water sample, a suction of approximately 80 kPa was placed on each unit using 
a handheld bicycle pump equipped with a pressure gauge. Before establishing this 
suction, each lysimeter unit was evacuated of latent water (if present). Collection periods 
varied between approximately 60 and 180 minutes, depending on the ambient soil 
moisture conditions and the observed hydraulic conductivity of the substrate at a 
particular station. Samples were removed from the lysimeters using a mouth pipeting 
technique (which minimized sample agitation) and transferred into acid-washed, dark 
brown polypropylene bottles. Water samples were then placed in an insulated cooler and 
transported to the lab for further analyses. The suction lysimeters were not installed until 
mid-June 1996; therefore, water samples for May (1996) were taken from the shallow 
wells. 
In 1996, monitoring occurred weekly. After examining the data from 1996, the 
monitoring schedule was modified to a biweekly basis for 1997 and 1998. Sampling 
typically commenced in late April (or early May) and concluded in late November (or 
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early December). Although nighttime air temperatures typically dropped below freezing 
by late October, soil temperatures (at 30 cm) were still above 5°C until well into 
November at most stations. 
Water Analyses 
Water samples were routinely analyzed for pH, electrical conductivity, and total 
iron. Monthly measurements were made for alkalinity, dissolved metals (Ca, Mg, Mn, 
Fe, Al, and K), and certain plant nutrients (e.g., nitrate, ammonium, and orthophosphate) 
following standard methods described by American Public Health Association (1989). 
Because of limitations imposed by sample quantity and time needed for chemical 
analysis, the parameters that were measured on a monthly basis were divided between 
the two (biweekly) sample collections each month. The plant nutrients were analyzed as 
one set, and the alkalinity and metals were measured as another. This approach allowed 
for monthly measurements to be taken for all parameters of interest and enabled a charge 
balance to be run monthly using the alkalinity and dissolved metals data. 
Water samples were analyzed for pH within 3 hours of sample collection using a 
Fisher Accumet pH meter model 805MP. For several weeks in 1996, pH was measured 
both before and after samples had been vacuum filtered using a 0.45-pm filter (Gelman 
Polypro). Upon comparison of these two sets of values (pre- and postfiltration), it 
became apparent that the samples were “degassing" during the filtration process, which 
altered the pH readings by approximately 0.3-0.5 pH units. (A similar phenomenon was 
noted by Schot and Wassen, 1993, in their study of calcite dissolution.) Consequently, 
the postfiltration pH values were disregarded and no longer measured. 
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Electrical conductivity was measured in accordance with standard methods 
(2510- Conductivity) using a YSI 3100 Conductivity Instrument (cell K = 1 cm). Total 
iron w as measured colorimetrically on each of the samples (phenanthroline method, 
3500-Fe.D) using a Coleman 124D double-beam spectrophotometer. In early 
measurement attempts the samples were filtered prior to analysis, but it became apparent 
that large quantities of iron were actually oxidizing during the vacuum filtration process 
and becoming trapped on the filter. On many occasions the water samples removed from 
the lysimeters in the field were bright orange in color and cloudy with precipitating iron. 
It was therefore concluded that more accurate iron values would be obtained using the 
unfiltered water samples. Based on the air-entry value of the 0.1 -MPa ceramic cups used 
in the lysimeter construction, it was calculated that the pore openings were less than 2 
pm in size. Therefore, an assumption was made that any iron entering into the porous 
cup (and measured in the total iron analysis) must either be in dissolved form as a free 
ion or as an ion bound to dissolved organic matter or clay colloids. Given the coarse 
texture of the substrate, the influence of clay particles was expected to be negligible. In 
any event, the iron entering the cup was assumed to be ionic and therefore ”plant 
available." Unfiltered aliquots were either measured for total iron immediately upon 
return to the lab or samples were stored between 4°and 10°C and then analyzed within 
two weeks. In an attempt to evenly distribute the iron within the collected water volume, 
each sample container was agitated prior to aliquot removal to resuspend the precipitated 
iron. 
Alkalinity was measured in the laboratory via titration (2320), incorporating a 
Gran plot technique to determine an accurate endpoint (Stumm and Morgan 1981). Each 
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water sample used in the alkalinity analysis was collected in a 60-mL polypropylene 
container (separate from the other water collected). Each container was fdled to 
overflowing before being capped to eliminate any head space in the container and 
minimize gaseous exchange. These samples were either immediately analyzed upon 
return to the laboratory or frozen to minimize degassing of the samples (through the 
container) prior to analysis. 
Water samples used for dissolved metal analyses were vacuum filtered upon 
collection using a 0.45-pm filter (Gelman Polypro) and were subsequently acidified with 
concentrated nitric acid (pH < 2) for storage prior to analysis. Dissolved Ca, Mg, Mn, Al, 
and Fe were analyzed by inductively coupled argon plasma spectroscopy. Dissolved K 
was measured by flame emission spectrophotometry (Instrument Laboratory AA/AE 
spectrophotometer 55Y) using cesium as an ionic suppressant. Chloride was measured 
using a specific ion electrode (Fisher Scientific). Dissolved organic carbon was also 
measured monthly. These samples were filtered (as described above) and frozen until 
analysis on a Dohrmann Carbon Analyzer (model DC-80). 
In 1997 and 1998, sulfate and silica were also measured monthly. Sulfate was 
measured using a turbidimetric method (4500-SOf2.E), and dissolved silica was 
analyzed colorimetrically using the double-beam spectrophotometer following the 
molybdosilicate method (4500-Si.D). These parameters were added to the study during 
the second year to allow thermodynamic (mineral equilibria) modeling and charge 
balance calculations to be run on the water samples. 
Monthly measurements were made for nitrate, ammonium, and soluble-reactive 
phosphorus (SRP). Nitrate samples were frozen immediately after collection and 
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filtration and were later analyzed by cadmium reduction (4500-N03''.F) using a 
Technicon Autoanalyzer. Ammonium and SRP were measured colorimetrically within 6 
hours of sample collection using Nessler’s method and the ascorbic acid method (4500- 
P.E), respectively. SRP was initially measured using both filtered and unfiltered water 
samples. After it became apparent that phosphorus was coprecipitating with iron oxides 
during filtration, only the unfiltered SRP values were measured. 
A HACH DR/2000 spectrophotometer was used for the SRP colorimetric 
analyses. A Coleman 124D double-beam spectrophotometer was used for all other 
colorimetric analyses. To simplify the laboratory setup, HACH prepackaged reagents 
were used for the analysis of total iron, silica, sulfate, and ammonium (HACH 1992). 
Several of the water analyses were omitted in 1998 after it was determined that 
the parameter levels were consistently below detection thresholds or that the parameter 
response remained consistent both spatially across the transect and temporally across the 
seasons. Parameters that were excluded from analysis in 1998 included chloride, 
dissolved organic carbon, electrical conductivity, and nitrate. 
Data Analyses 
All data were analyzed using SAS (SAS Institute, Inc., Version 6.12 ) and 
subjected to an analysis of variance (ANOVA) procedure using PROC ANOVA (or 
PROC GLM, as appropriate). When indicated by the ANOVA F-test, means were 
separated by Duncan's New Multiple Range Test. Water chemistry was also evaluated 
using SOLMINEQ.88 (Kharaka et al. 1988), a thermodynamic modeling program. 
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Results and Discussion 
To summarize the results from this 3-year field study, this chapter presents in 
detail only those variables that exhibited significant differences between sampling 
stations or those that appeared to vary seasonally within at least a single station. 
Additional field monitoring data and groundwater geochemistry data are provided in 
Appendices C through M. 
The term “growing season" is used generically throughout this discussion to refer 
to that period of the year when air temperatures remain above freezing (approximately 
mid-April through mid-November). 
In Situ Measurements 
Shallow wells, nested piezometers, tensiometers, and redox probes were used to 
define the hydrologic regime on the site. Results from these instruments were compared 
across the 3 growing seasons studied. 
Well data 
Groundwater levels fluctuated across each of the three field seasons, with 
saturation of the entire transect occurring early in the growing season, followed by a 
period of drawdown in the summer months and a rebound in the early autumn. 
Differences in the magnitude, onset, and duration of the drawdowns across the three 
years studied corresponded well with regional precipitation trends. Precipitation data 
were collected by the Northeast Regional Climate Center (NRCC) at Falls Village, 
Connecticut, located approximately 13 km from the study site. The 30-year average 
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annual precipitation at that station is 108 cm (NRCC 2001). Precipitation levels were 
greatly elevated (+20 cm) during the 1996 growing season (April-November), with 
deficits (-11 cm) reported for the same calendar window in 1997. Precipitation during 
the 1998 growing season was close to average (+3 cm), but monthly trends were 
irregular (Table 1.1). 
There was virtually no drop in the watertable during the 1996 growing season 
(Fig. 2.1). Soils were saturated to the surface for the entire growing season at all stations 
except Station 5. Highly significant differences (p < 0.001) were measured for median 
(and mean) water-table depth, which separated Station 5 from the rest of the transect. 
Flooding was periodically recorded at Station 7 (most notably in late July, when Station 
5 also saw a substantial water-table rebound). These phenomena were associated with 
the 25+ cm of rainfall during the month of July (16 cm more than average). Most 
stations actually experienced standing water conditions between August and the end of 
the growing season, and there were no statistical differences in the duration ot surface 
water ponding for the season. 
Trends in site hydrology for 1997 are presented in Figure 2.2. Each ot the 
stations was saturated to the surface through the month ot May, followed by a gradual 
decline in water table in June and a sharp decline in July and early August. Precipitation 
inputs were nearly 7 cm below average for June, which may partially explain the sharp 
decline of the watertable in July. Heavy rains in late August yielded a short-term 
rebound of the water table at Stations 1,2, 3, and 8 (those uppermost on the transect). 
An abrupt and lasting rebound occurred in early November as evapotranspiration outputs 
diminished following plant senescence and precipitation inputs increased significantly. 
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Station 1 experienced standing water an average of 9 weeks, which was 
significantly longer (p < 0.05) than the other stations, which were ponded for only 1 to 2 
weeks on average (with the exception of Station 5, which experienced no standing 
water). When looking at weeks of continuous saturation at 15 cm, highly significant 
differences were found (p < 0.001). Station 5 was continuously saturated at this depth for 
only 6 weeks, whereas Stations 6 and 7 were saturated for 8 and 9 weeks, respectively. 
There were no differences between Stations 1,2, 3, and 8, which were saturated for 10 to 
11 weeks at or above the 15-cm depth. An analysis of median water table depths yielded 
a similar trend, with groundwater levels falling below the well depth (> 60 cm) for more 
than half of the growing season at Station 5, resulting in a significantly lower (p < 0.001) 
median well level than all other stations. Station 6 had a significantly lower (40 cm) 
median water-table level than all the remaining stations, with Stations 2, 3, and 8 all 
ranging between 20 and 22 cm. The median groundwater level at Station 1 was 
significantly higher than all stations (except Station 3), with a depth of 13 cm. 
The hydrograph for 1998 shows near-saturation levels early in the growing 
season, followed by the springtime “leaf-out” drawdown that varied in magnitude across 
the transect (Fig. 2.3). A rebound to near-surface levels followed in late June (when 
precipitation exceeded average levels) and persisted until late July, when groundwater 
levels dropped again and then remained low until late September/early October. This 
extended summer drawdown correlated well with the below average precipitation inputs 
for August (-8.9 cm). Station 5 predictably experienced the sharpest and deepest drop in 
groundwater levels, and few discernable differences were recorded between the other 
stations. Average well levels across the season showed highly significant differences 
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(p < 0.001) among Station 1(13 cm). Station 5 (38 cm), and the remaining stations, 
which ranged in average depth from 19 to 21 cm. Differences (p < 0.001) were also 
found between median well depths separating Station 1 (5.8 cm) trom Stations 2, j, 6, 
and 7 (10.8 to 15.7 cm) and also from Station 8 (19.3) and Station 5 (50 cm). 
The hydrographs for 1997 and 1998 (Figs. 2.2 and 2.3. respectively) are very 
similar. The most notable difference between the water-table profiles of these two 
seasons relates to the amplitude of the two drawdown events occurring in each of 
these cycles. In both years, the first (albeit slight) dip in the watertable occurred in late 
May, and the second (and extended) drawdown began in late July and persisted into the 
autumn months. In 1997, the first springtime drop was shallow (—15 cm in the upper 
transect) and of short duration (rebounding within 2 weeks). By contrast, the 1998 
springtime drop was greater (15-25 cm) and required nearly a month to rebound. In both 
cases, this springtime drop in groundwater levels can be attributed to the sharp increase 
in biological water use by the vegetation as “leaf-out" occurs and evapotranspiration 
losses escalate. The relative length of time needed for the groundwater levels to rebound 
back to surface (or near surface) levels in these two seasons can be roughly correlated to 
differences in precipitation inputs, which were lower during April and May ot 1998 than 
1997 (Table 1.1). This ephemeral drawdown event was nearly absent in 1996, when 
rainfall exceeded average levels by nearly 9 cm during these months. Most stations 
experienced a shallow (~15 cm) drawdown, but it lasted only 1 week in most cases. 
Generally speaking, the summertime drawdown is most likely related to lower 
precipitation inputs combined with peak air temperatures and evapotranspiration losses. 
This seasonal pattern is nearly absent in the 1996 hydrograph (Fig. 2.1). During July 
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1996, rainfall exceeded the norm by approximately 13 cm. Consequently, most stations 
experienced watertables at or above the ground surface for most of the summer. Station 
6 was the only location to show a decided depression of the watertable in late August, 
but this drop was slight (~20 cm) in comparison to other years studied and it persisted 
less than 2 weeks. Station 5 exhibited an erratic water-table profile, commonly rising (or 
falling) 20 to 30 cm in a single week. The most extensive summertime drawdown was 
measured in 1997, when many of the shallow wells were dry (> 60 cm deep) by the end 
of July. Although an ephemeral rebound was documented in late August (corresponding 
to a heavy precipitation event), the seasonal rebound did not occur until well into 
October. This contrasts the hydrograph pattern in 1998, which shows a less severe 
drawdown in late July (35-50 cm deep) that persisted only into late September or early 
October (depending on the station). 
Several notable station trends were apparent across the three growing seasons 
studied. Station 1 experienced very little in the way of a springtime water-table drop in 
any of the 3 years studied. Station 5, the driest location studied along the transect, 
predictably experienced the deepest and longest periods of drawdown. Station 6 nearly 
always experienced pronounced water-table drops in both the spring and summer. 
Stations 2 and 3 were somewhat “flashy” in their reflection of precipitation events, with 
rapid drops and rises recorded at the onset and conclusion of each drawdown event. By 
contrast, the hydrograph at Station 8 reflects a more moderate response to precipitation 
inputs, suggesting that groundwater (baseflow) is more important at this point along the 
transect. Drawdown events are less severe (by 10-15 cm) at Station 8, and drawdown 
recovery appears gradual. It is particularly interesting that 1998 field notes commonly 
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mentioned standing water at several of the stations even though well measurements 
showed groundwater levels to be slightly below the surface. An examination of the 
tensiometer data helps to explain this phenomenon, and further discussion is presented 
below, in the section “Soil Matric Potential." 
Piezometric measurements 
Vertical groundwater gradients were evident at several stations along the 
transect, although few seasonal (i.e., repeated) patterns were detected. In 1996, Station 3 
experienced moderate (0.05-0.15 m/m) upwelling on several dates, whereas no other 
stations in the upper transect did (Fig. 2.4). Station 6. however, experienced stronger 
(0.10-0.20 m/m) and sustained upwelling across most of the growing season. This 
upwelling was evidenced not only by the piezometer measurements but also by direct 
observation of swirling eddies erupting in standing pools of water. In 1997, the degree of 
upwelling was less pronounced, but still evident (-0.10 m/m) at Station j and (more 
steadily across the season) at Station 6 (Fig. 2.5). Surprisingly, 1998 produced very 
different results. Although Stations 3 and 6 continued to exhibit periodic, moderate 
(0.05-0.20 m/m) upwelling. Station 8 produced very strong (0.1-0.7 m/m) upwelling 
gradients that were nearly continuous across the entire growing season (Fig. 2.6). 
Although no conclusions can be drawn, it should be noted that the piezometers at Station 
8 were installed at a slightly shallower depth (approximately 0.5 and 1.0 m) than those 
across the rest of the site (at approximately 1.0 and 1.5 m deep). It is not clear w hether 
the gradients measured at Station 8 were actually absent at the other stations or were 
simply occurring at depths not monitored by the instrumentation installed. This 
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upwelling at Station 8 (although only measured in 1998) may be responsible for the 
absence of a sharp and pronounced drawdown event at this station, by providing 
additional groundwater (i.e., base flows) that moderated the effects of the otherwise 
falling watertable. 
Soil matric potential 
In 1996, positive head values were recorded for the entire growing season at all 
stations except Station 5, indicating that water levels were within 15 cm of the soil 
surface at these stations. When looking at both mean and median moisture levels across 
the 1996 season, soil moisture was significantly lower (p < 0.001) at Station 5 compared 
with the other six stations. No differences were found between the other six stations. 
Although groundwater levels were generally quite high during the 1996 season, the 
tensiometer measurements do not reflect the springtime “drawdown” measured in the 
shallow wells. In fact, tensiometer measurements would place the phreatic water surface 
at or above the ground surface at most stations during this drawdown period. Even at 
Station 5, where groundwater levels fell to about 50 cm, tensiometers at the 15 cm depth 
were experiencing matric potentials between -3.5 to -4.5 kPa (levels well above an 
assumed field capacity of approximately -30 kPa). 
In 1997, tensiometer measurements were not initiated until early July, when 
water-table levels started dropping below the ground surface across much of the site. 
Figure 2.7 illustrates soil matric potential readings at 15 cm across the seven stations. 
The readings of the upper transect stations and Station 7 appear fairly well clustered, 
with matric potentials ranging from zero (saturation) to approximately -3.0 to -5.0 kPa. 
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Station 6 experienced somewhat drier conditions, with peak values around -10.0 kPa 
occurring in late summer and early autumn. As expected. Station 5 experienced the 
driest conditions, with peak matric potentials of approximately -50.0 kPa lasting several 
weeks in early autumn. 
In 1998, tensiometers at the 15-cm depth reflected positive matric potentials at 
all stations (except Station 5) through the end of July (Fig. 2.8). In early August, 
negative matric potentials were measured (ranging from -0.3 to -7.2 kPa), with most of 
the transect still near saturation and Station 5 (at -7.2 kPa) still well above field capacity. 
In fact, the driest values recorded for 1998 were all above field capacity, with Station 5 
registering at -23.8 kPa in mid-September and most other sites not exceeding -5.0 kPa in 
matric potential. It is difficult to draw further conclusions for this sampling year. Data 
collection for this parameter was somewhat spotty due to equipment failure on three 
separate sampling dates. 
Under saturated conditions, tensiometers can be used as piezometers, effectively 
measuring positive head levels within the saturated substrate. When no vertical gradients 
are present, the (corrected) head measured in the tensiometers should be equal to the 
depth of the groundwater above the tensiometer cup (corresponding with measured well 
depths). When positive head values were examined in this study, it became readily 
apparent that vertical gradients were often present with positive pressures well above the 
ground surface (and well above the measured water levels in the shallow wells). This 
apparent “disagreement” between the shallow well and the tensiometer measurements 
can be explained by the textural discontinuity that existed across the entire site with 
respect to the surface horizon and the subsoil/substratum. Histic epipedons (with a 
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loamy mineral component) were overlying a sandy substratum composed of glaciofluvial 
parent materials. When the groundwater level dropped within the coarse substratum, a 
‘"hanging watertable" was created within the surface horizon by the suction forces of the 
mucky surface materials that inhibited drainage into the coarse textured horizon below. 
Because the well measurements represented an “average’' head across the entire 60-cm 
screened depth, it stands to reason that the head within the lower horizon was actually 
somewhat lower than that measured by the well. The surface water, which was 
sometimes present, was in effect hanging within (and/or was perched upon) the mucky 
surface horizon, even though well measurements reflected lower watertables. 
The matric potential data for the 30-cm depth were relatively unremarkable. In 
1996, this depth was saturated for the entire growing season at all stations except Station 
5, which remained near saturation (never exceeding -3.0 kPa). In 1997, the groundwater 
levels were lower than the previous season, and it was not uncommon to record negative 
matric potentials within the surface horizon. Interestingly, soil matric potentials were 
fairly uniform (vertically) within the surface horizon when the watertable was below this 
depth. The negative matric potential values recorded for the 30-cm depth were nearly 
identical to those at the 15-cm depths. In 1998, a similar pattern occurred, with negative 
matric potentials at the 30-cm depth differing by only 2.0 to 5.0 kPa from those matric 
potentials measured at the 15-cm depth. Most stations remained at or near saturation (0 
to -5.0 kPa) at the 30-cm depth for the entire growing season. Stations 5 and 6 dropped 
to -8.0 kPa and -24.0 kPa, respectively, for a brief period in the late summer. (See 
Appendix C for actual data plots.) 
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Redox potential 
Seasonal trends in oxidation-reduction (redox) potential are evident in each of 
the 3 years monitored. Given the circumneutral nature of this soil-water environment, an 
iron oxidizing threshold of approximately +150 mV was assumed (Garrels and Christ 
1990). Although these trends can be related to patterns in watertable levels per se, there 
appears to be a much stronger relationship between soil redox and soil matric potential, 
with many stations experiencing prolonged reducing conditions while unsaturated. 
Persistent reducing conditions were measured across the entire 1996 growing 
season without exception. Mean redox values (based on triplicate electrode 
measurements) fluctuated in a range of -100 mV to +50 mV (Fig. 2.9), with no 
significant differences measured between the depths or the stations. The only “apparent” 
anomaly in seasonal redox trends occurred at Station 8 at the 15 cm depth. Looking at 
Figure 2.9, it would appear that Station 8 was experiencing significantly greater reducing 
conditions than the other stations during the late summer to autumn months. Station 8, 
however, had only a single instrument array and hence no replication in its 
measurements for this year. It is notable that most of the other stations had at least one 
replicate with redox readings similar to those at Station 8, so the apparent differences 
measured at Station 8 were discounted. 
All stations experienced reducing conditions throughout the early and 
midgrowing season in 1997 (Fig. 2.10). A general trend towards oxidation did not 
appear until early August, at which time Stations 6 and 8 became oxidizing while 
Stations 1 and 2 remained well within the reducing range. Finally, in early September, 
Stations 1 and 2 exhibited oxidizing conditions. Although station trends are apparent. 
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there were no statistically significant differences between the stations, which was likely 
due to the high variability recorded among the station replicates. 
It is interesting to note that the water-table/soil moisture rebounds evident in late 
August 1997 (Figs. 2.2 and 2.7) were not reflected in the redox profiles. The ephemeral 
precipitation event did not affect soil aeration at the 15-cm depth. More interesting is the 
degree of nonsaturation at Stations 1 and 2, which continued to experience pronounced 
reducing conditions in late July. It is clear that the mucky loam texture of the upper 
horizon, in conjunction with the textural discontinuity created by the coarse substratum 
below, created a hanging watertable within the upper horizon that remained moist (and 
anaerobic) long after “true” groundwater levels had dropped below the upper horizon. 
This finding indicates the importance of monitoring both soil matric potential and redox 
potential in this type of a sloping fen system and illustrates how potentially misleading 
water-table measurements can be to understanding the hydrology that governs the 
vegetation and soils on a sloping fen system such as this one. 
Several stations experienced continuous reducing conditions throughout the 
entire 1998 growing season at the 15-cm depth (including. Stations 2, 7, and 8) (Fig. 
2.11). Other stations show evidence of the groundwater drawdown events. Station 5 
became oxidized (> +150 mV) for a short period in early June, which coincided with the 
first watertable drawdown. Both Stations 5 and 6 experienced oxidation at this depth in 
early August, which coincided with the sustained summertime drawdown. Station 3 
lagged somewhat behind, gradually entering an oxidizing phase in early September. All 
stations (except Station 5) returned to reducing regimes by late October. 
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Redox data collected for the 30-cm depth related reasonably well to the matric 
potential readings at that same depth (Appendix D). In 1996, the 30-cm depth was 
continuously reduced for the entire growing season. Likewise, tensiometers at this depth 
indicated continuous saturation at all stations (except Station 5, which dropped to 
approximately -2.0 kPa on several occasions). These few weeks of “near” saturation did 
not raise the redox potential to oxidizing levels. In 1997, when the watertable dropped 
below the surface horizon for a substantial portion of the growing season, differences in 
redox potential became apparent when comparing stations across the site. These 
differences corresponded well to differences reflected in soil matric potential at this 
same depth. Stations 1, 2, 3, 7, and 8 all experienced matric potentials ranging from 0 to 
-5.0 kPa, and these stations all experienced continuous reducing conditions throughout 
the 1997 season. Only Stations 5 and 6 became oxidized at the 30-cm depth. 
Interestingly, the threshold for chemical oxidation in this system (approximately +150 
mV) seemed to be breached only when the soil matric potential exceeded -5.0 kPa. Soils 
that were “wetter” than this tension threshold remained reducing. Conversely, the onset 
of oxidation corresponded well with the -5.0 kPa threshold at those two stations that 
actually exceeded this matric potential. This relationship was observed (at both 
measurement depths) during the 1998 season as well. 
Soil temperature 
Soil temperatures (at 30 cm) were fairly consistent across the transect and 
between the three growing seasons studied. In 1996, soil temperatures were very well 
clustered across the stations. Temperatures in early May averaged about 11 °C, rising 
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steadily throughout the season and peaking around 18°C in early August, when 
temperatures reached a plateau that persisted through early September (Fig. 2.12). 
Throughout the autumn, temperatures dropped steadily, falling below 5°C in late 
November at most stations. In 1997, seasonal sampling commenced approximately 2 
weeks earlier than the previous year, and cooler soil temperatures were recorded, with 
late April temperatures ranging from approximately 5°C to 9°C across the transect (Fig. 
2.12). The seasonal temperature rise occurred much more quickly than the previous year, 
reaching peak temperatures in late June that persisted into August. This increased rate in 
soil warming makes sense as the soil was somewhat drier in 1997 and was therefore 
easier to warm. Although most station temperatures were well clustered in 1997, 
Stations 2 and 8 recorded relatively lower temperatures than the rest of the transect by 
several degrees. In 1998, the same warming trend was observed, with its peak reached in 
late July and persisting into late August (Fig. 2.12). In this season, all the stations had 
well-clustered readings except Station 2, which consistently recorded temperatures 3°C 
to 5°C cooler than the rest of the transect. Without replication of these measurements, it 
is impossible to determine if these apparent transect differences were real. 
Hydrology summary 
After synthesizing well, tensiometer, and piezometer data, it became evident that 
this particular sloping fen system annually experiences a “two-phase" hydrology 
sequence. During the spring and early summer, the watertable is at or very near the 
ground surface, and during the mid- to late summer the watertable drops below the 
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Figure 2.12. Comparison of soil temperature at 30-cm depth across the transect for three 
growing seasons 1996 (A), 1997 (B) and 1998.(C). 
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surface horizon (in most years). It is particularly interesting that during this period of 
water-table drawdown, the surface horizon actually maintains nearly saturated 
conditions. It does so by retaining precipitation inputs as a result of the textural 
discontinuity that exists between the mucky loam surface horizon and the coarse 
glaciofluvial substratum. Evidence of this (nearly) saturated condition is provided by the 
tensiometers and redox data obtained within the surface horizon. Although the free 
watertable lies well below the surface horizon, this phenomenon of “effective saturation” 
raises some important points. This study clearly documents the limitations of using wells 
or deep piezometers to monitor hydrologic conditions within the surface horizon when a 
textural discontinuity exists within the soil profile. Conversely, this study shows the 
importance of tensiometers and redox probes in wetland hydrology research and suggests 
that large errors (or misinterpretations regarding site hydrology) can result without this 
instrumentation. It is important with this type of a sloping fen system to understand two 
things: (1) the surface horizon (i.e., rooting zone) is usually “effectively” saturated, even 
though wells will show the phreatic surface much lower; and (2) although continuously 
saturated, the source of the water is different in each of the two hydrology phases and 
thus significant seasonal differences in geochemistry can result across the seasons. The 
first phase is dominated by regional groundwater influences, and the latter phase is 
controlled by precipitation inputs and their dilution/dissolution effects within the 
immediate soil environment. 
Spatial trends in hydrology were also apparent across the transect. At the 
beginning of the growing season, all stations experienced saturation at the surface (or 
within 10 cm). Stations situated in the “upper" transect behaved similarly for the 
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balance of the season inasmuch as they all experienced the same pattern of watertable 
drawdown and rebound across the growing season. This similarity suggests that these 
stations are driven hydrologically by the same mechanisms of groundwater discharge, 
base flow, and precipiation inputs. By contrast. Stations 5, 6, and 7 were somewhat 
isolated hydrologically from the upper transect stations, and they behaved somewhat 
differently. Station 5 always experienced the lowest water-table level, which was logical 
given its position on a gentle shoulder slope immediately upgradient of the distinct 
topographic break at Station 6 (Fig. 1.2). Although Station 6 experienced discharging 
groundwater conditions early in the growing season, the watertable dropped well below 
this station during the summers of 1997 and 1998. Interestingly, Station 7 (at the base of 
the transect and at the edge of the Schenob Brook floodplain) experienced water-table 
fluctuations that mirrored the water-table changes occurring in the upper transect area. 
With the exception of certain backwater flooding events, the well levels at Station 7 
reflected the same pattern of drawdown and rebound that was measured at the top of the 
transect. This evidence strongly suggests that the watertable surface measured in the 
upper transect was directly connected to the Schenob Brook hydrology. Although the 
water-table surface along this slope system occasionally bypassed Stations 5 and 6 
during the periods of marked watertable drawdown, well data at Station 7 show that the 
slope system remains an integral component of the deeper, regional hydrology which 
provides baseflows to the Schenob Brook surface water system. 
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Geochemistry 
Soil-water chemistry exhibited significant differences across the site, both 
seasonally and spatially for many constituents measured. The most notable differences 
were observed for pH, dissolved calcium and magnesium, total iron, and alkalinity. 
Appendices E through M also report data for total iron, electrical conductivity, 
dissolved organic carbon, dissolved iron, potassium, chloride, sulfate, manganese, and 
silica. 
Soil-water acidity 
Seasonal ranges and amplitudes in soil-water acidity were fairly consistent across 
the three growing seasons, but several trends are notable. The pH values of the various 
stations remained fairly well clustered during the entire 1996 growing season, with mean 
station values ranging from 6.4 to 7.3 (Fig. 2.13). Individual stations experienced 
relatively little seasonal fluctuation, with as little as 0.3 to 0.6 pH units in change across 
the entire season. Although these values appear quite similar, the low variability between 
station replicates resulted in many highly significant (p < 0.001) differences between the 
stations and across the season. In nearly all weeks. Station 1 had the highest mean pH 
and Stations 2 and 5 had the lowest (usually separated by less than 0.5 pH units). 
Significant differences were found between the remaining stations as well, but no other 
clear pattern of station groupings was evident across the season. Differences in the 
seasonal averages for the stations were highly significant as well (Table 2.1). 
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Table 2.1. Comparison of soil-water pH across three growing seasons. 
Station 
1996 1997 1998 Across 3 seasons 
_ nu pn - 
1 7.01 a* 6.83 a 6.85 b 6.90 a 
2 6.66 d 6.68 b 6.79 b 6.71 c 
3 6.82 b 6.82 a 6.84 b 6.83 b 
5 6.58 e 6.86 a 6.66 c 6.87 cd 
6 6.82 b 6.79 a 6.81 b 6.81 b 
7 6.76 c 6.80 a 6.93 a 6.82 b 
8 6.74 c 6.62 b 6.65 c 6.65 d 
* * * * 
All * 6.770 ab 6.766 b 6.797 a 0 
t Means within a column followed by the same letter are not significantly different 
according to Duncan's New Multiple Range test (0.05). 
X Seasonal means within this row followed by the same letter are not significantly 
different according to Duncan's New Multiple Range test (0.05). 
* Significant at the 0.05 probability level. 
Seasonal averages during the 1997 season ranged from a low of 6.6 (at Station 8) 
to a high of 6.9 (at Station 5). Stations 2 and 8 had significantly lower (p < 0.001) 
seasonal averages than the rest of the stations, although these values were separated by 
no more than 0.3 pH unit (Table 2.1). At individual stations, seasonal minima ranged 
from approximately 6.4 to 6.5, with maximum values ranging from 6.9 to 7.4 (Fig. 2.14). 
Strong seasonal differences were evident in 1997, with most stations experiencing 
significantly higher levels (p < 0.001) in September and October compared with weeks 
in July and August. The season can be divided into two segments based upon the pH. A 
general decreasing pH trend occurs during the late spring and early summer months. 
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with sudden increases recorded in late September and October. These two periods 
correspond to phases when the groundwater was. at first, high and connected with the 
surface horizon, and then when the groundwater dropped well below the surface horizon. 
The period when the greatest variability in pH was measured across the site occurred in 
August, September, and October when much of the site had lowered groundwater levels. 
This finding suggests that in situ soil processes are controlling the soil-water pH, 
resulting in greater variability between the geochemical measurements at the various 
stations. 
Soil-water acidity during 1998 started out somewhat lower than it had in the 
previous 2 years, with average values ranging from 6.5 to 6.7 (Fig. 2.15). The pH 
increased during the season, with some highly significant differences recorded between 
the stations on several dates. Highly consistent readings among the station replicates 
often resulted in significant differences between stations that differed in pH by only 0.2 
pH unit. The pH at Stations 6 and 7 were much higher in early July (pH = 7.3 and 7.5, 
respectively). These values were significantly higher than those at the rest of the stations. 
Apparent differences between the stations in August were discounted because replicate 
water samples were not available at some stations to substantiate the accuracy of the 
measurements. 
The average annual pH values for each station show significant differences when 
compared across the three growing seasons sampled (Table 2.1). Stations 5 and 8 had the 
lowest average pH (at 6.65-6.66). and Station 7 had the highest (at 6.93). The rest of the 
stations ranged from 6.80 to 6.85. Every station displayed significant pH differences 
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across the growing season, but no consistent patterns were evident. Several stations 
showed an occasional peak (or dip) that made the differences between weeks significant. 
For most stations, these weekly differences were on the order of 0.4 to 0.5 pH unit 
(representing the amplitude of seasonal change in pH at any given station). The only 
exceptions were Stations 6 and 7, which exhibited seasonal amplitudes of 0.7 and 0.8 pH 
unit, respectively. 
Alkalinity 
Alkalinity was not analyzed for most of the water samples collected in the 1996 
season. Unforeseen time constraints combined with a lack of adequate analytical 
preparation delayed the routine analysis of this parameter until late in the 1996 season. 
Results for 1997 and 1998 are discussed. 
Seasonal averages in 1997 ranged from a low of 76.7 mg C03'2 L'1 (Station 5) to 
a high of 155.7 mg at Station 2 (Table 2.2). Although no significant differences were 
measured between the seasonal averages of Stations 1, 2, 3, 6, and 7, Station 8 separated 
significantly from both this group and from Station 5, with a seasonal average of 112.1 
mg C03'2L'\ Several seasonal trends were also apparent (Fig. 2.16). The most striking of 
these patterns occurred at Stations 2 and 7, both of which exhibited significantly higher 
alkalinity levels in the early growing season (May through July) compared with the 
remainder of the year (Fig. 2.16). A different pattern was exhibited at Station 8. 
Although significant differences (p < 0.0001) were measured between early spring and 
late fall values, the alkalinity levels at Station 8 were fairly consistent across the spring 
and summer (eventually dropping somewhat lower in November). Significant 
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differences (p < 0.05) were measured between some of the stations early in the growing 
season (from April through July). The only consistently significant patterns placed 
Station 2 among the stations with the highest alkalinity and Station 5 among the stations 
with the lowest alkalinity levels. Starting in August, however, no differences were 
measured among any of the stations for the rest of the growing season. This time frame 
coincided roughly with the dropping of the groundwater level from beneath the depth of 
soil-water sampling. It is likely that alkalinity levels at Station 5 would have remained 
significantly lower than the rest of the stations during this period, but an inadequate 
volume of sample was obtained from the lysimeters at Station 5 to complete this analysis 
from August to November. 
Table 2.2. Comparison of soil-water alkalinity across two growing seasons. 
Station 
1997 1998 Across 2 seasons 
.mo m T -• 
1 137.4 a’ 93.6 b 120.6 a 
2 155.7 a 111.0a 138.0 a 
3 152.4 a 97.5 ab 131.1 a 
5 76.7 c 87.2 c 69.0 c 
6 154.8 a 93.9 b 129.3 a 
7 149.4 a 92.7 b 124.2 a 
8 112.1 b 87.9 b 100.8 b 
* * * 
tMeans within a column followed by the same letter are not significantly different 
according to Duncan's New Multiple Range test (0.05). 
* Significant at the 0.05 probability level. 
74 
Alkalinity levels were somewhat lower in 1998 than in 1997, but similar trends 
were measured (Fig. 2.17). Station 2 had consistently high alkalinity levels, and Station 
5 had low levels. The seasonal average at Station 2 was significantly higher than all 
stations except Station 3 (Table 2.2). Unfortunately, the volume of sample water 
collected from the lysimeters was extremely limited in late summer and early fall; thus 
alkalinity data are not available across the entire season. As a result, few stations 
exhibited significant monthly differences across the season. Station 8 was the only 
station from which soil-water samples were collected every month. Interestingly, 
alkalinity levels appear to peak at Station 8 during the “driest” period of the summer, but 
it is not clear why. The groundwater was much deeper than the 30-cm lysimeter 
sampling depth, and it is possible that the pore water contained relatively high(er) 
amounts of bicarbonate due to the redissolution of precipitated carbonate solids in the 
soil matrix. 
Total iron 
Iron levels in 1996 ranged from 0.1 to approximately 12 mg Fe L'1 early in the 
season, with levels peaking between 21 and 38 mg L'1 in late August and early 
September at several stations (Fig. 2.18). Significant differences were measured between 
stations on several sampling dates. Stations 2 and 3 typically had higher levels than most 
other stations (see time course plots in Appendix E). Likewise, most stations 
experienced significant seasonal differences (Appendix E), with significantly higher 
levels in late summer when iron levels were at their peak. 
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Sampling in 1997 was initiated in late April, at which time the iron levels were 
already nearing 20 mg Fe L'1 at Stations 2, 3, and 7, with measurements between 2 and 4 
mg L'1 at the remaining stations (Fig. 2.19). A sustained peak in iron levels (of up to 15- 
20 mg L'1) occurred between late May and late June (depending on the station) (see 
Appendix E). 
All stations experienced significant seasonal differences in iron levels (Appendix 
E). Interestingly, iron levels dropped sharply in late July at nearly all stations. This sharp 
decline mirrors the drop that occurred in the well levels (Figure 2.2), suggesting that the 
f 
groundwater itself was the source of most of the iron being measured. Although redox 
levels remained within reducing limits (Eh < +150 mV) for the remainder of the growing 
season at most stations (Fig. 2.10 and Appendix D), iron levels remained significantly 
low, ranging from nondetectable to only 0.5 mg L'1 Fe. 
Station 2 experienced anomalously high iron readings in late May 1997 (with 
replicates averaging 45 mg Fe L'1). Although it is possible that supersaturated levels of 
iron were present in solution, it is also possible that sampling error created (or 
exacerbated) this apparent condition. During field sampling, it was common to remove 
from a lysimeter water that was clouded with orange precipitant. On occasions, the 
lysimeters also contained a greater volume of water than was needed for collection. 
When that occurred, the water was “stirred" within the lysimeter in an attempt to evenly 
resuspend any precipitating material. It is possible that in several instances the water was 
not sufficiently agitated to evenly resuspend the iron precipitant. Thus, water samples 
may have been extracted that were inadvertently “spiked” with naturally 
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occurring iron. Given the consistent range (approximately 10-20 mg L'1) within which 
most of the samples fell, it can be concluded that this “spiking effect" occurred rather 
infrequently. Another “check" on iron levels can be made by comparing these total iron 
values with those obtained from the filtered water samples. Although much iron 
precipitated after collection and during the vacuum filtration process, the levels of 
dissolved iron that passed through the filter can provide at least a reliable “minimum" 
value for comparison. In September 1996, when unfiltered samples at Station 3 
contained approximately 34 mg Fe L'1, filtered samples contained as much as 24 mg Fe 
L1. Likewise, in May 1997, when unfiltered samples at Station 2 contained more than 40 
mg Fe L'1, filtered water samples registered approximately 12 to 20 mg Fe L*1 (refer to 
Appendix F). So, although “spiking" may have occurred occasionally, these data suggest 
that the dissolved/total field iron levels were indeed quite high. 
Iron levels were much lower in 1998 than in the previous two seasons. There was 
no clear seasonal peak in iron levels except at Station 2, which displayed moderately 
elevated levels from late June into August (Fig. 2.20, Appendix E). Iron levels dropped 
to only a few tenths of a milligram per liter by mid-August. This decline coincides with 
the groundwater level dropping below the 30-cm lysimeter sampling depth. 
In contrast to 1997 iron levels, which yielded some unusually high readings, the 
1998 season produced iron levels that were somewhat lower than expected (given the 
previous two years' data). These differences could be “real" and possibly attributable to 
differences in groundwater flow and discharge between the years. It is also possible that 
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iron was precipitating within the lysimeters (as witnessed in the two previous seasons). If 
the water within the lysimeter was inadequately agitated to resuspend the particulate iron 
prior to sample removal, the upper volume of water would contain proportionately less 
iron. If water samples were extracted from the uppermost volume of the lysimeter, the 
substantially lower iron levels measured in 1998 could be explained. It should be noted 
that a different field crew was used in the 1998 season, and this possible sampling 
inconsistency cannot be ruled out. 
When combining iron data across all three seasons, significant stations groupings 
result (Table 2.3). The average iron value at Station 2 (10.2 mg L'1) was significantly 
greater than that at Stations 3 and 7 (averaging 8.2 and 8.0 mg L1, respectively), which 
was greater than that at Stations 6 and 1 (averaging 3.2 and 2.4 mg L‘\ respectively), 
which was greater than that at Stations 5 and 8 (averaging 0.6 and 0.5 mg L1, 
respectively). 
All stations, except Station 8, showed significant (weekly) seasonal differences 
when data for all three seasons were combined, but only Stations 1 and 2 displayed 
identifiable patterns. At Station 1, iron levels in mid-June were higher than values from 
early September through the remainder of the growing season; and at Station 2, iron 
levels were consistently higher in late May than they were in October and November. 
A comparison of yearly iron averages within each station confirms that 1998 yielded 
significantly lower (p < 0.001) iron levels than 1996 and 1997 at Stations 1,2, 3, 6, and 
7. At Station 5, the average iron level for 1998 was lower than that for both 1996 and 
1997, but it was only significantly different (p < 0.03) from that of 1996. Yearly 
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averages at Station 8 were not significantly different (p = 0.05). At Stations 3, 6, and 7, 
yearly averages were significantly highest for 1996, with a significant (p = 0.0001) mean 
separation between all 3 years. 
Looking at individual sampling weeks (across the three seasons), it is apparent 
that significant patterns of mean separation exist between stations. Early in the growing 
season (May through July), the average iron level at Station 2 is consistently higher than 
that at Stations 1,5,6, and 8, with Stations 3 and 7 occasionally separating with Station 
2 as well. These mean differences diminish in August, with Stations 2, 3 and 7 being 
different from only Stations 5 and 8 consistently. September and October present no 
consistent differences between the stations’ total iron measurements. Seasonally 
consistent differences reemerge in November as Station 2 once again displays 
significantly higher levels of total iron than Stations 1, 5, 6, and 8. With few exceptions 
though, there is a significant interaction (p <0.01) between station and year, and thus the 
“significance” of these apparently “consistent" patterns is actually being greatly 
influenced by the effects of a single sampling year (and may not truly be reflective of 
overall repeating seasonal trends). 
Dissolved calcium and magnesium 
Soil-water calcium levels exhibited consistent patterns across the site over the 3 
years sampled (Figs. 2.21, 2.22, and 2.23). In 1996, significantly higher (p < 0.01) 
calcium levels were measured at Stations 2 and 3 for most months sampled. In 1997, 
Stations 2 and 3 still appeared to have the highest levels of calcium across the site, but 
fewer significant station differences were measured than in the previous growing season 
84 
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cycle. Mean calcium levels at Stations 2 and 3 ranged across the three growing seasons 
from approximately 100 to 150 mg L'1 (Table 2.4), with highest levels recorded in 1996 
Although calcium levels were consistently highest at Stations 2 and 3, most stations 
exhibited similar seasonal discharge patterns, with calcium levels peaking across 
June/July/early August and significantly lower levels measured both early (April/May) 
and late (October/November) in the growing season. 
Table 2.4. Comparison of soil-water calcium across three growing seasons. 
1996 1997 1998 Across 3 seasons 
Station _ r*\+21 ■' v/U 1_> 
1 89.3 d* 80.7 b 85.6 b 85.9 d 
2 125.7 b 97.5 a 102.4 a 111.9b 
3 148.9 a 92.5 a 100.4 a 120.7 a 
5 50.3 e 44.7 d 39.7 d 47.6 g 
6 99.2 c 83.0 b 85.8 b 91.6c 
7 87.9 d 76.0 b 68.1 c 80.1 e 
8 86.1 d 66.4 c 71.8c 72.2 f 
** ** ** ** 
f Means within a column followed by the same letter are not significantly different 
according to Duncan's New Multiple Range test (0.05). 
** Significant at the 0.01 probability level. 
Magnesium levels varied significantly both across the site and between the years 
sampled (Table 2.5). On average. Stations 2, 3. and 6 had the highest levels, with 
seasonal lows of approximately 20 mg Mg L'1 and highs of more than 42 mg Mg L'1. As 
expected, magnesium displayed similar seasonal patterns as calcium, with peak levels in 
late-June/July/early August being significantly higher than levels in the early 
(April/May) and late (October/November) growing season. 
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Table 2.5. Comparison of soil-water magnesium across three growing seasons. 
1996 1997 1998 Across 3 seasons 
Station in& 1V1& ^ - 
1 25.9 f 21.7c 11.7 d 20.9 c 
2 35.4 c 27.4 b 14.3 b 27.6 b 
3 43.3 a 28.1 b 14.4 b 32.1 a 
5 16.2 g 14.6 d 6.5 d 14.0 d 
6 38.6 b 31.1 a 15.8a 30.7 a 
7 32.2 d 27.7 b 12.9 c 26.6 b 
8 28.8 e 22.8 c 12.3 c 19.9 c 
** ** 5*C k k k 
f Means within a column followed by the same letter are not significantly different 
according to Duncan's New Multiple Range test (0.05). 
** Significant at the 0.01 probability level. 
Nitrogen and phosphorus 
Levels for nitrogen (nitrate and ammonium) and orthophosphate were 
consistently quite low, but several significant differences were measured between 
sampling stations. In 1996, mean nitrate levels ranged from 0.02 to 0.62 mg NOf1 L1, 
with a single anomalous sample reaching 3.15 mg NOf1 L'1 (Table 2.6). In 1997, mean 
nitrate levels ranged from 0.02 mg NOf1 L '(at Station 8) to 0.11 mg NO/1 L"1 (at Station 
5). Ammonium levels were somewhat higher in general, ranging from nondetectable up 
to 2.54 mg NH4~ L'1. Average seasonal ammonium levels ranged from 0.07 mg NH/ L’1 
(at Station 6) to 0.98 mg NH4+ L'1 (at Station 2). Significant differences were found 
between stations and between sampling years (Table 2.7). Phosphorus, measured as 
soluble reactive phosphorus (orthophosphate), ranged from nondetectable levels to 1.48 
mg P04'3L'. Average seasonal levels ranged from 0.13 mg P04''’ L 1 (at Station 5) to 
0.33 mg P04'3 L'1 (at Station 7) (Table 2.8). Significant differences were measured for 
89 
this ion between sampling years (p < 0.05), but any ecological significance is doubtful 
because the overall yearly averages varied only from 0.16 mg P04'3 L'1 in 1996 to 0.23 
mg P04'3 L'1 in 1997. 
Table 2.6. Comparison of soil-water nitrate across two growing seasons. 
Station 1996 1997 
_ mrr MO -T -• + lllg IN VJ-> JL, —--“ 
Range Mean Range Mean 
1 nd - 3.15 0.62 a* nd - 0.10 nd b 
2 nd - 0.96 0.10 b nd - 0.13 nd b 
3 nd - 0.11 0.04 b nd - 0.07 nd b 
5 nd - 0.27 0.06 b nd - 0.40 0.11 a 
6 nd - 0.07 nd b nd - 0.34 0.06 ab 
7 nd - 0.11 0.04 b nd - 0.12 nd b 
8 nd nd b nd - 0.07 nd b 
** * 
f Detection limit 0.04 mg N03' L'1 (nd < detection limit) 
{ Means within a column followed by the same letter are not significantly different 
according to Duncan's New Multiple Range test (0.05). 
* Significant at the 0.05 probability level. 
Ion relationships 
Correlation analyses revealed strong relationships between several of the ions 
measured. Data were first examined by combining all stations and all three seasons. 
Highly significant (p < 0.0001) relationships were found among calcium, magnesium, 
iron, and manganese (with R2 values ranging from 0.31 to 0.59). The relationship ol 
alkalinity to each of these ions was also highly significant (p < 0.0001), with its strongest 
correlation existing with magnesium (R2 = 0.47). When these same ion 
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Table 2.7. Comparison of soil-water ammonium across three growing seasons. 
1996 1997 1998 Across 3 seasons 
Station - mp NH +T l lllg IN I --- 
1 0.50 abf 0.72 a 0.18 ab 0.46 ab 
2 0.98 a 0.41 ab 0.28 a 0.51 a 
3 0.90 a 0.27 b 0.09 b 0.37 b 
5 0.36 b 0.16b 0.07 b 0.20 c 
6 0.85 a 0.26 b 0.07 b 0.36 b 
7 0.60 ab 0.31 b 0.10b 0.33 b 
8 0.24 b 0.14b 0.13 b 0.14c 
* * * 
all 0.68 a * 0.33 b 0.14c 
t Means within a column followed by the same letter are not significantly different 
according to Duncan's New Multiple Range test (0.05). 
+ Means within a row followed by the same letter are not significantly different 
according to Duncan's New Multiple Range test (0.05). 
* Significant at the 0.05 probability level. 
Table 2.8. Comparison of soil-water orthophosphate across three growing seasons. 
Station 
1996 1997 1998 Across 3 seasons 
mr* PO +2 T _1 Illg, 1 W4 JL^ 
1 0.17 0.21 abcT 0.18 ab 0.20 b 
2 0.19 0.30 ab 0.16 ab 0.22 ab 
3 0.13 0.26 abc 0.26 a 0.23 a 
5 0.15 0.16 be 0.13 b 0.15 b 
6 0.20 0.22 be 0.26 a 0.24 a 
7 0.10 0.33 a 0.25 a 0.24 a 
8 0.15 0.13 c 0.16 ab 0.15 b 
NS * * * 
all 0.16 b + 0.23 a 0.20 ab 0 
t Means within a column followed by the same letter are not significantly different 
according to Duncan s New Multiple Range test (0.05). 
X Means within a row followed by the same letter are not significantly different 
according to Duncan s New Multiple Range test (0.05). 
** Significant at the 0.01 probability level. 
NS Nonsignificant 
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relationships were examined by individual sampling year, the strength of several 
correlations increased dramatically. For example, the correlation between calcium and 
magnesium ranged from R2 = 0.83 in 1996 to R2= 0.77 in 1997 to R2= 0.70 in 1998. 
These results suggest that the “inputs” of calcium, magnesium, iron, and 
manganese into this sloping fen system have a common hydrology source that is 
responsible for maintaining the relative ratios of these ions in the groundwater. 
Likewise, this basic ionic composition is consistent with the geologic mapping for the 
region, which indicates dolomitic limestone with phyllitic interbedding (Zen and 
Hartshorn 1966). In this study, however, these ions were measured at levels that far 
exceed those known to exist in deep regional groundwaters. Weiss (1984) modeled the 
geochemistry of the groundwaters in the southern Berkshire County region in 1983, 
sampling from 25 wells that originated in till, in stratified drift, or in carbonaceous 
bedrock. The two wells closest to the project site (within 5 km) were located in stratified 
drift (80 ft deep) and calcareous bedrock (150 ft deep). In 10 months of sampling, iron 
was never measured in these wells, and calcium levels ranged from only 20 to 26 mg L'1. 
At first these ion levels appear somewhat inconsistent with the theory that deep 
groundwaters are discharging within the study site and replenishing the ionic supply, but 
there are several explanations for these differences. It is possible that iron is, in fact, 
supplied to the site via the discharging groundwater but that it is present at levels that are 
“barely” detectable in the deep oxygenated groundwaters. It is also possible that the 
chemically reduced topsoils of the study site provide a sink for incoming iron. Soil 
analyses (see Chapter 3) show a large pool of biologically reducable iron in these soils. 
Likewise, calcium also appears to be “concentrated” within these soils when compared 
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with levels of this ion in the deeper groundwater. The cation exchange capacity of the 
highly organic surface materials provides a warehouse for these ions, and precipitated 
carbonates provide an additional in situ supply of complexing cation species. Under the 
pronounced reducing conditions present in the soil environment, dissolved carbon 
dioxide levels would far exceed those found in an open aquifer system. Thus, the 
thermodynamics of calcite dissolution equilibrium dictate that calcium ions would be 
much more abundant in the soil environment than in the deep aquifer system. Measured 
values of 100 mg Ca L'1 in the soil-water versus 20 mg L"1 in the deep wells are 
consistent with these expected Pco: differences (Appelo and Postma 1994). 
Ionic Relationships with Site Hydrology: Seasonal Considerations 
Many significant (p < 0.001) correlations existed between such variables as water 
table, soil moisture, soil redox potential, and the various ions measured, but most ol 
these correlations were very weak (R:< 0.10). The strongest correlations related soil- 
water pH to soil wetness variables. For instance, pH was shown to increase as the well 
level (analyzed as a continuous variable) decreased in both 1996 and 1998 (R'= 0.27, 
and 0.23, respectively, p < 0.001). Interestingly, there was no significant relationship (p 
< 0.05) found between redox and iron, except when examining individual sampling 
stations. Stations 5 and 6 exhibited weak (R2 = 0.1-0.2) but significant (p < 0.05) inverse 
relationships between iron and redox, reflecting that as redox levels increased iron levels 
decreased. Although this relationship is not unexpected, it did seem unusual to find it 
limited to only these two stations. Upon closer examination, however, it becomes 
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apparent that these stations are the only ones that actually exhibited a seasonal 
(oxidizing) peak in soil redox conditions. By contrast. Station 1 exhibited a “positive” 
relationship between iron and redox (R2= 0.05, p < 0.05), indicating that as redox levels 
increased, so did iron levels. This apparent oddness can perhaps be explained: rarely did 
Station 1 ever experience strong oxidizing conditions, and therefore the implied 
“increase" in redox potential, and its corresponding increase in iron, were actually 
measured well below the iron reduction threshold. 
Several other patterns emerged when geochemistry was compared with in situ 
variables by individual stations. Direct water level measurements were rarely significant 
when correlated to particular ion levels, but there was a significant (p < 0.05) albeit weak 
(R2< 0.1-0.2) relationship between groundwater level and ion levels when groundwater 
was evaluated as a categorical variable. Many ions were positively correlated to 
groundwater when the free water level existed at or above the depth of water sampling. 
Conversely, many ion levels decreased when water levels fell below the 30-cm sampling 
depth. This pattern was exhibited consistently for iron, calcium, magnesium, and 
manganese at most stations. This aspect is discussed in more detail below. 
This research clearly documents that calcareous sloping fen systems experience a 
wide range of ionic conditions that vary both spatially and seasonally. The results of this 
study strongly call into question ecological conclusions (or classification schemes) from 
other research that might be based on water samples gathered on a single date (or even 
within a single month). 
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Geochemical Modeling 
The computer model Solmineq.88 (Kharaka et al. 1988) was used to analyze 
individual groundwater samples for ion charge balance and thermodynamic mineral 
solubilities. Inputs to the model included pH, alkalinity, in situ soil-water redox 
potential, calcium, magnesium, iron, manganese, potassium, silica, ammonium, and 
sulfate. The accuracy of the water analysis (at least for major ions) can be inferred when 
the positive charges in the water sample are “balanced” by the negative charges present. 
Because water must be electrically neutral, significant deviations from electroneutrality 
indicate either inaccuracies or omissions in ion analyses. In this study, most water 
samples were found to electrically balance within 10% (many with deviations less than 
5%). These samples consistently occurred during the late spring and early summer, when 
the highly buffered, discharging groundwater was being sampled. Samples with 
relatively large charge deviations (10-25%) occurred infrequently but were confined to 
the late summer season when unsaturated soils (soil waters) were being sampled. These 
errors were attributed to inconsistencies in the (turbidimetric) analysis of sulfate, an ion 
that increased dramatically in abundance over the course of the summer. This increase is 
likely due to either an increase in oxidized microsites in the soil or increased effects of 
acid precipitation. (Refer to Appendix G for sulfate results.) 
Based on the computer model, several minerals were consistently found to be at 
near-equilibrium conditions across the site, particularly during the early growing season, 
when true groundwater/baseflow was being sampled. Using 1997 data, the model shows 
the water to be supersaturated with respect to dolomitic limestone (CaMg(C03)2) in May 
and June when groundwater levels were within the surface horizon. Later in the growing 
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season, however, after the groundwater had dropped below the surface horizon (and the 
30-cm sampling depth), soil water chemistry reflected an in situ equilibrium affected by 
the immediate soil environment. Thermodynamic models run for mid-July indicate 
equilibrium conditions with respect to dolomite, calcite, and commonly siderite (FeC03). 
These findings suggest that these minerals are stable (i.e., have precipitated) within the 
surface horizon and are controlling the levels of calcium, magnesium, and carbonate 
(alkalinity) in the immediate soil water environment. 
An analogous scenario can be presented for seasonal fluctuations in the measured 
iron levels. Early in the spring, when groundwater levels and vertical discharge gradients 
are at their peaks, iron levels show a pronounced increase at nearly all stations with 
levels of approximately 20 to 40 mg L'1. It is notable that when using these “total'1 iron 
values, the positive and negative charges for the water samples balanced to within 10%. 
This fact strongly supports the conclusion that total iron measurements were very close 
to actual dissolved iron levels. In May 1997, when the strongest iron peak occurred, 
thermodynamic models show iron solubility to be controlled by Fe(OH)3at all stations in 
the upper transect except Station 8, where siderite (FeC03) appeared to be the 
controlling iron mineral. By mid-July, groundwater levels have fallen, but they are still 
within the 30-cm water sampling depth and iron levels have remained robust (Fig. 2.19, 
Appendix E). Models run on mid-July water samples show a stark undersaturation of 
iron with respect to Fe(OH)3, with solubility controls shifted towards siderite and 
goethite (FeOOH). By August, groundwater levels were well below the 30-cm depth 
(Figure 2.2), and iron levels had dropped off sharply but were still measurable (Fig. 2.19, 
Appendix E). Models run using August soil-water samples show iron solubility in near- 
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equilibrium with goethite. The relatively low measured iron levels (along with these 
model results) tend to substantiate the hypothesis that the Fe(OH)3 previously present in 
the soils had perhaps weathered to goethite - a less soluble mineral even under the 
reducing conditions that still existed at the 30-cm depth in August. (Refer to Appendix 
N for samples of the thermodynamic output from Solmineq.88.) 
Literature Discussion 
It is difficult to draw many comparisons between this work and the literature 
because no other work that details hydrology and geochemistry with the spatial and 
temporal frequency of this study exists. Most wetland studies attempt to classify broad 
vegetation associations and describe them with only a few environmental parameters. 
Few studies actually focus on the geochemistry, and those that do base their conclusions 
either on a single seasonal sampling or, at best, two samples collected in fall and spring. 
All these works are limited geographically in their comparability to the present study. 
The only study reported in the literature that has examined the vegetation 
dynamics and environmental gradients of base-rich fen systems in the greater New 
England region is that of Motzkin (1994), who classified 55 releves from 24 fen sites 
across the region. Depth of organic material, pH, calcium, and magnesium 
concentrations provided a significant separation among the fen types. Of the 55 releves 
sampled. 10 were similar in composition to that of the present study. Motzkin collected 
surface water samples which ranged in pH from 6.9 to 8.1, with calcium levels ot 26 to 
62 mg L'1 and magnesium levels of 8 to 23 mg L'1. Motzkin’s pH values ranged 
somewhat higher than those in the current study, but these differences are likely 
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reflective of the surface waters in the region, which have somewhat higher pH levels 
than the groundwater due to degassing of dissolved carbon dioxide upon exposure to the 
atmosphere. The other reported ion values are actually somewhat lower than those 
measured in the present study, but they are reasonably comparable to the groundwater 
samples collected in late summer. It is difficult to compare these values directly because 
surface waters can have significantly different chemical signatures than groundwaters 
and because Motzkin makes no mention regarding sample collection dates. 
Other work (conducted largely for classification purposes) can be compared with 
the current study with respect to the range in geochemistry encountered. Karlin and Bliss 
(1984) reported various geochemical parameters from six study sites in Alberta. Canada, 
that were classified based on water chemistry ranging from a weakly minerotrophic 
peatland (water chemistry: pH 4-5; Ca, 2-5 mg L'1) to moderately minerotrophic peatland 
(water chemistry: pH 5-7; Ca, 5-30 mg L'1) to strongly minerotrophic peatland (water 
chemistry: pH 7-8; Ca, > 30 mg L'1) (after Moore and Bellamy 1974). Study sites in the 
moderately to strongly minerotrophic ranges showed great spatial variability in water 
chemistry (pH: 7.2-8.2, 7.4-8.0; Ca: 38-120 mg L\ 31-104 mg L'1; Mg: 26-53 mg L1, 
10-25mg L*1; N = 60, N = 7, respectively). These sites were patterned fens fed by 
calcareous springs. By comparison with the Sheffield study, these pH levels appear 
somewhat high and the ion levels somewhat low. No mention was made in the study 
regarding how or when the water samples were collected, so it is impossible to conclude 
if the reported ion ranges are due more to temporal or spatial effects. The authors 
comment that variations in water chemistry within a peatland may arise largely from 
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patterns in groundwater flow. Although that is clearly evident in patterned fens (common 
in Alberta), this premise can logically be applied to any minerotrophic wetland system. 
Chee and Vitt (1989) also examined geochemical gradients in the surface waters 
of Alberta fens. Fourteen moderate-rich fen stands were examined and their surface 
waters sampled both in May and September. The pH of the water ranged from 5.8 to 7.1 
in the spring and from 5.3 to 6.9 in the fall, and conductivity ranged from 12 to 225 
pS/cm in the spring and from 18 to 240 pS/cm in the fall. Most ion levels were higher in 
the fall, but few of these differences appear significant (Appendix B). One can only 
speculate whether more differences might be found with more intensive repeated 
sampling across the entire growing season. All ion levels in this Alberta study were 
much lower than those found in Sheffield. 
Chee and Vitt (1989) are among the first researchers in the literature who have 
recognized the value of (and need for) repeated seasonal sampling to characterize fen 
geochemical gradients. In fact, these authors comment in a subsequent publication (Vitt 
and Chee 1990) that moderate-rich fens are chemically variable both temporally and 
spatially, whereas poor fens and extreme-rich fens are more stable ecosystems. The 
findings of the current Massachusetts study support the premise that moderate-rich fens 
are chemically variable. Although the ionic patterns measured in the present study differ 
from those of the Chee and Vitt (1989) study, such differences only reenforce the unique 
influence of other site specific environmental (i.e., hydrogeomorphic) factors on site 
geochemistry. 
% 
Although not directly comparable to the current study in landform or climate, 
Komor (1994), in his examination of the geochemistry and hydrology of a calcareous fen 
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within the Savage Fen complex in Minnesota, provides one of the most comprehensive 
hydrogeochemical fen studies in the literature. Although Komor did collect water 
samples in two different months (July and November), he chose to average these results 
in his findings. From these results, the following shallow groundwater constituents can 
be compared with my study: pH: 6.8; conductivity: 807 pS/cm; calcium: 128.3 mg L'1; 
magnesium: 30.9 mg L'1; alkalinity: 8.44 meq L'1; chloride: 3.2 mg L'1; sulfate: 8.7 mg L' 
total iron: 0.1 mg L'1; manganese: 0.4 mg L'1; and total organic carbon: 10.6 mg L'1 C. 
Concentrations of most constituents were reportedly similar on the July and November 
sample dates, with the exception of sulfate and related sulfur compounds. Komor 
comments that sulfate levels were approximately 30 to 40% higher in July than in 
November. This summer sulfate spike is very similar to the phenomenon witnessed in 
the present study. It is possible that there is no other reference to this phenomenon in the 
literature simply because no other study has even sampled for it. Most of the other 
chemical constituents in the Komor study look similar to the findings of the present 
study, with the notable exceptions of iron and manganese. These dissolved metals were 
much higher (100-fold for iron) in the Massachusetts study, probably due to phyllitic 
inclusions in the limestone bedrock of the recharge area. 
In addition to the geochemical analysis, a primary focus of Komor’s (1994) 
Minnesota study was to identify recharge sources of the fen by looking at oxygen isotope 
chemistry of the fen’s shallow and deeper groundwater and comparing it with surface 
and groundwaters elsewhere in the watershed. Komor looked at hydrologic gradients and 
took piezometer measurements four times between June and October 1992. Average 
water-table depths across the fen ranged from 0.05 m to 0.5 m below ground. This 
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variation in water-table level is fairly consistent with the findings of my Sheffield study. 
Using a nest of piezometers (with the deepest installed at about 8 m below ground), 
Komor determined there to be a positive vertical groundwater flow with a minimum 
gradient of 0.03 m/m (vertical/horizontal distance). Although the magnitude of this 
vertical gradient is consistent with that measured at the Sheffield site, groundwater 
discharge was not continuous throughout the summer months as Komor reports, which 
may be due in part to the relatively shallow depths monitored (0.75 and 1.5 m deep) in 
the Sheffield study compared with Komor's work. It is possible that continuous 
discharge gradients were in fact present in Sheffield but were undetectable given the 
shallow depth and short depth interval used for the nested piezometers in this study. 
Climatic variation may also explain these differences. 
Like Komor (1994), many wetland researchers are recognizing the importance of 
understanding the hydrogeology of a site so as to understand the resulting geochemistry 
(Siegel and Glaser 1987, Glaser et al. 1990, Schot and Wassen 1993). Recent 
hydrogeological studies have focused on identifying the source of the controlling 
hydrology with respect to ionic composition and not simply the source of the water 
supply per se. 
Species composition and standing biomass of fen vegetation are clearly related to 
water tables and to chemical factors that are established by water flow (Wassen et al. 
1990a). Particularly when dealing with minerotrophically rich fen systems, it is critical 
to identify (and preserve) the associated watershed and its underlying bedrock, surficial 
geologic deposits, and unique soil substrate that provides dominant ionic inputs to the 
system. Understanding the unique water balance for a particular wetland system is 
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critical to developing models for vulnerability (i.e., potential impact) assessment 
(Gilvear et al. 1993). 
In a study from Poland, Wassen et al. (1990a) relate fen vegetation composition 
to particular hydrologic sources (and to the associated ionic/nutrient characteristics of 
these waters). High productivity (high standing biomass) fens were those that were 
periodically flooded with moderately eutrophic river waters (providing an important 
source of potassium). Interestingly, the shallow groundwater in these systems actually 
contained higher levels of Ca, P, and K than the river water itself. These levels were 
thought to be the result of sedimentary loam deposited by the floodwaters that was 
subsequently exchanging ions (particularly Ca and K) with the interstitial peat waters. 
The low-productivity rich fens were found to be those receiving calcium-rich 
(phosphorus poor) groundwater discharge, whereas poor fens were those receiving 
predominantly precipitation inputs. 
In the Netherlands, Schot and Wassen (1993) determined that species-rich, low- 
productivity fens were being replaced by high-productivity fens, poor fens, and bogs 
largely as a result of natural processes, including the weathering (leaching) of the 
calcareous surficial deposits that supplied groundwater to these sites. In some instances, 
this change in ionic composition led to a change in nutrient availability as lower calcium 
levels result in less coprecipitation of phosphorus and hence the availability of more 
phosphorus for plant uptake. McNamara et al. (1992), in their study of the succession of 
a minerotrophically rich fen into an ombrotrophic, solute-poor, bog in western New 
York State, examined vertical groundwater gradients. This succession was attributed to a 
permanent change in the direction of vertical groundwater flow as a result of natural ten 
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peat accumulation, which created a water-table mound within the fen that was higher 
than the regional groundwater. 
These studies provide interesting food for thought with respect to the Sheffield 
study site and its surrounding wetland systems. These wetlands harbor numerous rare 
and endangered species, and great care should be taken to ensure that the calcium-rich 
groundwaters remain in sufficient supply. Conservation efforts would benefit from 
future studies to identify specific groundwater flow paths and associated recharge areas 
in the surrounding uplands. Preservation of these areas in an undeveloped condition may 
be critical to ensuring an adequate supply of calcium-rich groundwater discharge. This 
point is especially critical given the noncalcareous nature of the surficial deposits on the 
site (Scanu 1988). Although direct precipitation inputs may be important elements in 
maintaining a saturation of the rooting substrate, these inputs only serve to dilute the 
latent base ionic content of the soil solution. A decrease in groundwater discharge, 
combined with an increase in precipitation inputs, could have serious effects on site 
geochemistry and resulting vegetation composition. 
Conclusions 
This three-year study of hydrology and geochemistry demonstrated the spatial 
and temporal variability of calcareous sloping wetland systems. Temporal geochemistry 
is controlled by a two-phase seasonal hydrology cycle. In the early spring, high 
watertables are fed by vertically discharging calcium-rich groundwaters. Total iron 
levels are high and phosphorus is low. As watertables drop in early to midsummer, 
geochemistry controls shift towards the establishment of in situ equilibria, with 
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precipitation inputs tending to dilute (or redissolve) precipitated soil constituents. 
Interestingly, most surface soils across the site remain "near-saturation” as a result of the 
precipitation inputs and the abrupt textural discontinuity that separates the mucky loam 
surface materials from the coarse glaciofluvial outwash substratum. During this second 
hydrology phase, acidity levels increase within the soil solution, calcium and iron levels 
diminish, sulfate increases dramatically, and phosphorus becomes measurable. This 
study shows the importance of using tensiometers and redox probes in wetland 
hydrology research and suggests that large errors (or misinterpretations regarding site 
hydrology) can result without this instrumentation. 
Results of this study are consistent with Komor’s (1994) analysis of a Minnesota 
calcareous wetland and also with Vitt and Chee (1990), who state that moderate-rich 
fens (in general) exhibit both temporal and spatial variability compared with poor fens 
and extreme rich fens. The only geographically comparable study (Motzkin 1994) 
matches these results fairly well when one considers that no repeated (seasonal samples) 
were taken nor were actual sample dates reported. 
Additional detailed studies are needed which examine the hydrogeochemistry of 
these calcareous wetland systems at a landscape scale. It would be interesting to 
determine if this same two-phase hydrology pattern is active at other calcareous sloping 
wetlands in the region. Efforts to preserve these rare natural areas cannot be truly 
successful without a proper understanding of (and subsequent protection of) the 
hydrogeologic/ionic sources of these unique wetland systems. 
104 
CHAPTER 3 
SOIL MORPHOLOGY 
Introduction 
Little work has been done to characterize the substrates within base-rich, 
minerotrophic fens beyond characterizing peat content and moisture conditions (Stanek 
and Jeglum 1977, Karlin and Bliss 1984, Chee and Vitt 1989, Vitt and Chee 1990, 
Motzkin 1994), Most of these studies sought to classify peatland systems along a poor- 
rich minerotrophic gradient by analyzing vegetation composition and then providing a 
few geochemical/substrate parameters to describe the natural range of site conditions 
within each class range. 
The original purpose for sampling soils in this study was simply to document 
substrate conditions on the study site, providing a baseline for future comparison with 
other calcareous wetland systems in the northeastern United States. Although gross 
visual differences were apparent in the vegetation composition along the study transect, 
preliminary investigations determined that all the soils were hydric. Given this fact, there 
was little need to relate the watertable, per se, to soil morphology. Instead, the objectives 
for this portion of the study were (1) to document the range in soil characteristics across 
the transect both physically and chemically, with specific attention paid to plant nutrient 
availability, and (2) to determine if any statistical differences existed with respect to 
these parameters across the transect, with an overall research objective of relating these 
differences to observed patterns in the vegetation distribution. 
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Geochemical sampling and in situ soil measurements were initiated for this study 
in May 1996, and soils were sampled in July 1997. After sampling geochemical 
parameters across the study transect for nearly two growing seasons and recording 
apparently distinct patterns in these processes, it was suspected that differences in soil 
morphology might also exist. The question of interest then evolved from “How are soils 
different across the study site?” to “Can differences in soil morphology be attributed to 
specific measured patterns in site hydrology and/or geochemistry?” With these questions 
in mind, this chapter first presents data for both physical and chemical soil parameters, 
specifying where statistical differences exist between the stations. A discussion relating 
some of these measured differences to variables such as hydrology and geochemistry 
follows. A subsequent chapter then examines how differences in soil morphology and/or 
geochemistry, in turn, relate to the distribution of vegetation communities on the site. 
The naturally occurring range of soil acidity and exchangeable nutrient content 
for these soils corresponds fairly well to that reported for other base-rich wetland 
systems (Stanek and Jeglum 1977, Karlin and Bliss 1984, Chee and Vitt 1989, Vitt and 
Chee 1990, Motzkin 1994). This study, however, is unique in that it measures 
statistically significant differences for many of these parameters among different stations 
along the study transect. The possible causes for these differences are discussed. 
Literature Review 
Few studies describe substrate characteristics of base-rich, minerotrophic tens 
beyond characterizing peat content and moisture conditions (Stanek and Jeglum 1977, 
Karlin and Bliss 1984, Chee and Vitt 1989, Vitt and Chee 1990, Motzkin 1994), and 
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there is a notable lack of documentation of the gradients in substrate chemistry that may 
occur within a given peatland (Stanek and Jeglum 1977). Most studies have classified 
peatland systems along a poor-rich minerotrophic gradient using vegetation composition 
to differentiate particular classes along the gradient. When geochemical and/or substrate 
parameters have been sampled, it was usually to provide a description of the natural 
range in environmental conditions for each class range in the resulting gradient scheme. 
Vitt and Chee (1990) described peat chemistry in their classification of Alberta 
(Canada) fens, because they recognized that substrate characteristics were less subject to 
seasonal variation than geochemical parameters. These authors, however, chose to ash 
their substrate samples and measure total mineral contents (as opposed to exchangeable 
or otherwise extractable nutrients). In this Alberta study, peat mineral levels followed the 
same trends as the ion contents in the groundwater, when contrasting fen types along the 
poor-rich gradient. 
Karlin and Bliss (1984) comment on the relationship of substrate characteristics 
to vegetation distribution in their study of six peatlands in Alberta, Canada. They note 
that in weakly minerotrophic peatlands, vegetation patterns are related to gradients in 
substrate moisture, not chemistry. In strongly to moderately minerotrophic peatlands, 
however, they comment that substrate chemistry may also influence plant distribution. 
Karlin and Bliss provide evidence within their study, showing that as the complexity of 
the substrate increases, so does the plant species diversity. These authors measured 
substrate pH, bulk density, and exchangeable calcium and magnesium. Their findings 
document that in the weakly minerotrophic systems, calcium and magnesium levels were 
fairly uniform, but pH varied greatly. By contrast, results in their strongly minerotrophic 
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peatlands yielded substrates with similar pH, but varying levels of calcium and 
magnesium. No spatial substrate gradients were found to exist within the strongly 
minerotrophic communities, and those occurring within the weakly minerotrophic 
system were related directly to microtopography (with pH and exchangeable mineral 
content decreasing from hollow to hummock). Interestingly, there was a strong 
convergence measured in substrate chemistry for the hummocks across the site. 
Hummocks appeared less affected by the geochemistry of the adjacent hollows, and the 
authors suggest that vertical gradients exist within the hummocks that tend to “filter” 
ionic content and create a somewhat uniform ombrogenous condition within all 
hummocks. 
The most relevant study within a geographical/ecological context was conducted 
by Motzkin (1994) in the southern New England/eastern New York State region. 
Although Motzkin’s study sought to characterize and classify 24 different minerotrophic 
peatlands in the region, little emphasis was placed on substrate chemistry. Motzkin 
measured the depth of the organic substrate and its relative degree of decomposition. 
The classification scheme was based primarily on patterns in vegetation distribution, and 
then environmental parameters were used to try to “explain” this variability via 
ordination techniques. Interestingly, the only environmental factor that varied 
significantly between the three resulting classification groupings was “depth to mineral 
soil.” Classification groups ranged from “greater than 200 cm” (the maximum depth 
measured), consisting largely of undecomposed peat materials, to “20-200 cm" 
(averaging 100-150 cm) of highly decomposed muck, to “0-15 cm" of highly 
decomposed muck. The group with the shallowest organic sediments occurred in a 
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moderately sloping landscape position with groundwater seepage. This last description 
closely matches the site conditions in the present study. 
Attention has also been paid to nutrient cycling and availability in peatlands 
(Berendse et al. 1994, Koerselman and Meuleman 1996, Verhoeven et al. 1996, Aerts et 
al. 1999, Bedford et al. 1999), with a few studies focusing on calcareous wetland 
systems (Boyer and Wheeler 1989, Van Hoewyk et al. 2000). 
Several articles contend that the role of calcium (and of magnesium) in base-rich 
systems is primarily that of a conditioning factor that secondarily controls important 
attributes for plant growth (including pH and the resultant solubility of other elements, 
the saturation of cation exchange sites, and the microbial processes that affect nutrient 
availability) (Wassen et al. 1990b). For instance, a high Ca concentration may lead to 
low P availability due to the formation of calcium phosphates of low solubility (Patrick 
1974). Likewise, high Ca might lead to the preferential leaching of K (Maimer 1986) 
based on Ca-saturation of exchange sites in the soil/peat. These mechanisms suggest that 
P and K might be limited in rich fen sites. In fact, easily extractable orthophosphate has 
been shown to be higher in ombrotrophic (bog and poor fen) peats than in rich fens 
(Waughman 1980). 
Boyer and Wheeler (1989) studied a similar phenomenon of calcium occurrence 
restricting phosphorus availability in their study of a rich fen seepage area in Sheffield, 
England. Distinct vegetation patterns were observed along seepage-ways in spring-ted 
calcareous fens. Low-growing (species rich) vegetation was situated within and 
immediately adjacent to the seepage tracks, with less species-rich, taller vegetation 
abruptly beginning a short distance from the seepage track. Concentration ol phosphorus 
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in the leaves of the “short fen” vegetation was found to be significantly lower than that 
found in the tissues of the “tall fen” vegetation. Although a common water source (the 
seep) fed both areas, surface waters in the “short fen” were found to have significantly 
higher pH and significantly lower Ca2+, HC03\ and soluble reactive phosphorus. X-ray 
diffraction analysis of the minerals in the rooting zone of the “short fen” revealed a 
prominence of calcite. These researchers hypothesized that P-availability was being 
controlled in this system by carbonate equilibrium relationships where degassing C02 at 
the springhead resulted in calcite precipitation with a concomitant adsorption of P. 
Methods 
In July 1997, soils were sampled adjacent to each replicate instrumentation array. 
Profile descriptions were recorded for each location using standard terminology (Soil 
Survey Staff, 1993 and 1999). Samples were collected from each major horizon to a 
depth of 60 cm and were returned to the laboratory for further analysis. Each sample was 
air-dried and passed through a 2-mm sieve to remove coarse fragments. Few were 
present. Soil samples were then characterized as to texture (pipette method; Gee and 
Bauder 1986), percent organic matter (loss on ignition; Soil and Plant Analysis Council 
1992), pH (McLean 1982), exchangeable nutrients (ammonium acetate extraction, 
buffered at pH 7; Thomas 1982), and cation exchange capacity (Rhoades 1982). Nutrient 
levels were also measured using a Morgan extracting solution (NaOAc/HOAc mixture) 
buffered at pH 4.8 (Morgan 1941). Ion levels were measured in the extracting solutions 
using an inductively coupled argon spectrophotometer (Jarell-Ash Model 955 ICP-AES). 
Percent carbonates were also measured (sequential loss on ignition; Dean 1974) along 
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with available iron (diethylenetriaminepentaacetic acid plus triethanolamine, or DTP A + 
TEA, extraction; Lindsay and Norvell 1978) as described by Olson and Ellis (1982). 
Extracted iron levels were measured using an atomic absorption spectrophotometer 
(Instrument Laboratory AA/AE spectrophotometer 55Y). In October 2000, additional 
soil samples were collected from the surface horizon (at 15-cm depth) adjacent to each 
replicate instrument array and were subsequently analyzed for bulk density (core 
method; Blake and Hartge 1986). Although bulk density was not included in the original 
research proposal protocols, after reviewing the other soil morphological data it became 
apparent that, given the variable organic nature of the substrate, results were better 
expressed on a volume basis. Mean bulk density values were used to convert data from a 
weight to a volume basis at each station. 
Although replicate soils were collected at every sampling station, samples from 
Stations 5 and 7 were omitted from the nutrient analyses. The initial purpose of 
measuring exchangeable nutrients was to enable a comparison of soil nutrients with 
patterns in vegetation distribution. Because the vegetation at Stations 5 and 7 appeared 
strongly limited by extremes in site hydrology, these two stations were not included in 
the vegetation analysis (and, hence, the nutrient analyses were also omitted). 
All data were analyzed using SAS (SAS Institute, Inc., Version 6.12). 
Differences among stations were determined using an analysis of variance (ANOVA) 
procedure with Duncan's Multiple Range Test used for mean separation where 
appropriate. Soil properties were also compared to site geochemistry whose mineral 
equilibria were evaluated using Solmineq.88 (Kharaka et al. 1988), a thermodynamic 
computer modeling program. 
Ill 
Results and Discussion 
Generally speaking, soils at the research site consisted of coarse-loamy solum 
material (typically a fine sandy loam or its mucky analogue) over a fine sand substratum 
of glaciofluvial origin. All soils were poorly to very poorly drained, with the exception 
of Station 5, which was somewhat poorly drained. All soils were hydric. Significant 
differences were measured for numerous physical and chemical soil parameters across 
the transect (Table 3.1). Several of these differences diminished in their significance 
when parameters were expressed on a volume basis (Table 3.2). Results for physical and 
chemical parameters of the surface horizons are presented and discussed in turn. 
Complete physical and chemical characterization data for the lower horizons are 
included in Appendix O. 
Physical Characteristics 
Soil textures in the surface horizon ranged from loam to fine sandy loam at most 
stations, with silt loam at Station 7 (Refer to Appendix P for results of textural analyses). 
Textures in the underlying horizon ranged from sand to loamy sand, with the exception 
of Station 7, which was silt loam. These textures are consistent with the depositional 
environment for these soils (Scanu 1988). That is to say, soils at Station 7 
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are Entisols and are developing in the active floodplain of Schenob Brook, whereas soils 
on the rest of the transect are Inceptisols or Mollisols that developed in a coarse, well- 
sorted, glaciofluvial substratum. Profile descriptions and corresponding taxonomic 
classifications are provided in Appendix O. 
Surface organic matter content varied from approximately 10 to 40% between the 
stations (Table 3.1). The surface horizon appeared well mixed by the action of the 
cattles' hooves that clearly penetrated to the depth of the substratum during periods of 
high moisture. The lower edge of this “mixed” surface horizon demarcated the clear 
textural discontinuity that existed between the surface and subsurface horizons for all 
locations except Station 7. 
Bulk density in the surface horizons ranged from 0.59 g cm'3 at Station 2 to 1.01 
g cm'3 at Station 5 (Table 3.2). Although no significant differences were measured 
between surface bulk densities, the increasing trend (from Stations 2 and 3, to 1 and 8, to 
6 and 5) was significantly correlated, with trends measured in surface organic matter 
contents (R2= -0.62; p = 0.006). 
Chemical Characteristics 
Soil chemistry differed markedly across the site, with the most pronounced 
differences measured in soil acidity and exchangeable calcium, manganese, and 
phosphorus (Tables 3.1 and 3.2). Stations 2 and 3 had the highest levels of organic 
matter (and, correspondingly, the highest ion exchange capacity), which likely accounts 
for their higher levels of most exchangeable nutrients. Given this apparent relationship, 
results for soil chemical parameters have also been expressed on a volume basis tor 
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comparison. This volume-to-volume comparison more accurately reflects the nutrient 
pool available to each square meter of vegetation, considering that the same mass of soil 
at Station 5 would encompass only approximately half the area as that same mass of soil 
at Station 2 (assuming a uniform rooting depth). 
Cation exchange capacity (CEC) ranged from 20.8 cmol(+) kg ' in the surface 
soils at Station 6 to 54.8 cmol(+) kg'1 at Station 2 (Table 3.1). Trends in CEC between 
the stations correspond to the same trends measured for organic matter content, 
supporting the conclusion that CEC is largely supplied by the organic exchange 
complexes in these soils. These trends are highly significant (p <0.01) when compared 
on a weight basis, but fewer differences (p < 0.05) exist when compared by volume 
(Table 3.2). 
Soil acidity 
Soil acidity displayed marked differences between the stations (Table 3.1), 
ranging from pH 6.3 to 7.1 along the main transect, with Station 8 displaying 
significantly lower soil pH at 5.7. Although no conclusive reason for these differences 
can be provided, a few observations are discussed. First, the surface soils at Station 8 
contained significantly more organic matter than did those at Station 6, but it was still 
significantly less organic matter than that contained at Station 2. The cation exchange 
capacities of these soils followed this same trend. Soil pH, however, is less affected by 
the total cation exchange capacity of the soil than it is by the percent base saturation of 
the exchange complexes. Therefore, it is reasonable to presume that Station 8 had 
significantly lower base saturation than the other soils for some reason. In tact, when 
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individual base cation measurements were summed and compared against the total 
measured exchange capacity for these soils, results indicated that base saturation ranged 
from approximately 88 to 100 % at Stations 1, 2, and 6, but averaged less than 70% at 
Station 8. 
It is also possible that the “type” of organic acids in these soils may have differed 
between stations and thus contributed varying levels of acidity to the soil solution. 
Although the study areas were themselves meadowlike (and nonforested), mature 
evergreen vegetation did fringe most of the upper transect area (around Stations 1 and 8 
in particular). It is possible that the decomposing evergreen needles contributed some 
additional acidity to those soils. The validity of this hypothesis cannot be tested without 
further analyses of the humic fraction at each station. 
It seems odd that soil-water pH at Station 8 was 6.9 in July 1997 (the month in 
which soils were sampled), and yet the soil pH itself was so much lower (at 5.9). 
Thermodynamic models (see Chapter 2) indicate that during the summer months 
following groundwater drawdown, the soil-water composition was in an equilibrium 
condition with calcite and other carbonate minerals. It stands to reason that further 
carbonate precipitation occurred following sample collection and drying. If the ex situ 
drying of the soil samples following sample collection crystallized the precipitated 
carbonate minerals to an extent that they did not redissolve when wetted for the pH 
measurement (due either to thermodynamic stability or kinetic phenomena), the 
apparently divergent measurements of soil-water pH and soil pH at Station 8 could be 
explained. 
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Soil nutrient levels 
Soil nutrient levels were measured using an ammonium acetate extracting 
solution buffered at pH 7. Because the soil solution was found to be circumneutral at 
most stations throughout the growing season (Chapter 2), it is reasonable to assume that 
this analysis closely approximates the exchangeability of nutrients under field 
conditions. Tables 3.1 and 3.2 provide results from these analyses. Exchangeable 
calcium levels ranged from approximately 2,200 mg kg'1 (at Station 6) to nearly 8,300 
mg kg'1 (at Station 2). As expected, the trend in available calcium followed the same 
basic trends as CEC and soil organic matter. When evaluated on a weight basis, 
significant differences in iron, magnesium, and phosphorus also appear to be strongly 
related to organic matter content and concomitant CEC levels (Table 3.1). The 
significance of these apparent differences is dampened, however, when evaluations are 
made on a volume basis (Table 3.2). Phosphorus levels are still significantly higher at 
Station 2 and 3, but the significantly lowest levels of P are seen at Station 8, a station 
that does not have the lowest organic matter and CEC levels. This soil, though, did have 
a pH of 5.7 (significantly lower than the other stations), and this level of acidity may 
have contributed to the lower levels of soluble (i.e., exchangeable) phosphorus. 
Nutrients levels were also measured using a Morgan solution (NaOAc/HOAc 
mixture) buffered at pH 4.8. These results provide interesting data for comparison (Table 
3.3). Results for most parameters show good agreement between the two methods, with 
the only notable exceptions being calcium and manganese. The calcium differences are 
easily explained. If free carbonates were present in the soil, one would expect the 
measurable calcium (and perhaps magnesium) levels to be higher using the 
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Morgan solution than those obtained using the ammonium acetate solution. The only 
substantial deviation between the measured calcium levels of the two solutions was seen 
at Station 2, where the Morgan solution yielded an increase in calcium greater than 50% 
(12,117 versus 8,285 mg kg'1). These results suggest that free carbonates are in fact 
present at Station 2. 
The other parameter that produced anomalous results was manganese. Although 
no significant differences were measured between the stations using the Morgan's 
solution, the overall levels of manganese extracted were much greater than those 
obtained using the ammonium acetate solution. At Station 8. average manganese levels 
differed by a factor of 2, and at Station 2, the increase was nearly eight-fold using the 
Morgan solution. These data strongly suggest that all the soils contained significant 
amounts of precipitated manganous compounds (such as MnC03) that dissolved at pH 
4.8. Based on a standard Eh-pH stability diagram (Fig. 3.1), MnC03 would be stable as 
long as the pH remained above 6. This phenomenon helps explain why exchangeable 
manganese (measured using the ammonium acetate solution) is significantly more 
abundant at Station 8 (Table 3.1) than at other stations. Although the ammonium acetate 
solution was buffered at pH 7, the soil at Station 8 had an ambient pH of 5.7 (Table 3.1). 
Thus, this soil would have had significantly more manganese present as Mn2 in situ, and 
a greater proportion of these cations would have been housed on the exchange 
complexes at Station 8. 
Extractable aluminum was also measured using the Morgan extract. Although 
this parameter is not the same as exchangeable acidity, it does provide some measure ot 
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Figure 3.1. Stability relations for manganese at 25°C, with TIC - 10°M. (Taken from 
Appelo and Postma 1994.) 
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reference. Aluminum levels were not statistically different between the stations, but 
there was an increasing trend towards Station 8, which averaged 16.7 mg kg'1 and 
included a single replicate as high as 22 mg kg'1. Although not conclusive evidence, 
these data do suggest that exchangeable aluminum (i.e., exchangeable acidity) levels 
were actually higher at Station 8, which may also explain the lower pH of these soils. 
Bohn et al. (1985), however, indicate that exchangeable aluminum (Al3+) normally only 
occurs in significant amounts at soil pH values less than 5.5, and in the range of 5.5 to 7, 
hydroxy aluminum polymers (Al(OH)2+) predominate. Although this charged aluminum 
polymer may be present in greater amounts at Station 8, this form of aluminum is not 
recognized as “exchangeable”; therefore, its affects on soil pH are less certain. Likewise, 
very little aluminum was measured in the groundwater (see Chapter 3), so the source of 
the aluminum in the soil system is not clear. 
Soil carbonates 
Soil carbonates were also measured, with station averages ranging from 0.87 to 
2.24% by weight in the surface horizon (Table 3.4). There was a great deal of variability 
between the station replicates, and hence no statistically significant differences were 
found. The occurrence of a single replicate at Station 2 with a carbonate content of 5% 
by weight, however, is consistent with the higher “exchangeable" calcium values 
measured for this station using the Morgan's solution (pH 4.8). Although station 
differences were not significant, the range of measured values at each station (Table j.j) 
is noteworthy in itself, because it characterizes the importance of microsites in the soils, 
particularly where in situ precipitates are concerned. Given the complex (and dynamic) 
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nature of the soil solution during the summer drawdown period, any latent pool of 
carbonate would be subject to redissolution upon saturation with surface precipitation 
with subsequent uptake by the plants and/or redistribution to the exchange complexes. 
Suffice it to say that the measured values for carbonate in this study may not represent 
any maximum or minimum values. Temporal replication would be needed to ascertain 
the reproducibility of these measurements. 
Table 3.4. Comparison of carbonate content in surface soils. 
Station Carbonates 
% by weight 
Mean (N=6) 
% Carbonates 
range 
Carbonates 
(mg cm'3) 
1 1.7 1.3 - 1.8 11.6 
2 3.2 1.2-5.0 13.2 
3 2.0 1.3-2.6 13.8 
5 0.9 0.7- 1.1 8.8 
6 1.3 1.1 - 1.8 12.1 
8 1.1 0.7- 1.2 7.8 
No significant differences were measured between stations (0.05). 
Available iron levels 
Biologically available iron was estimated using a DTPA + TEA extraction (pH 
7.3). Significant differences (p < 0.05) were measured between the stations (Tables 3.1 
and 3.2). This extracting solution chelates iron from amorphous complexes, which may 
represent a significant pool of recently oxidized or complexed iron that could be 
liberated to the soil solution if soil conditions were modified. This parameter was 
selected for study in an attempt to discover a possible cause for the significantly dillerent 
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levels of dissolved iron measured in the shallow groundwater across the site and 
throughout the growing season. Although these differences now appear due to seasonally 
different hydrologic regimes (discussed in Chapter 2), the results of this analysis are 
nonetheless interesting. 
Peaking groundwater iron levels (early in the growing seasons) appear to be 
supplied by discharging water sources that are supersaturated with respect to most iron 
minerals. It is unclear, however, whether these high iron concentrations are originating 
“off-site” or within the soil profile itself. Later in the season, following groundwater 
drawdown, dissolved iron levels diminish greatly but remain measurable as an in situ 
equilibrium is established under continued reducing conditions. Although dissolved iron 
levels are much lower at this point in the season, significant differences are still being 
measured between the stations. In most weeks, Station 2 had significantly higher levels 
of iron than did Station 8. It was hoped that the results of the DTP A + TEA extraction 
would explain these phenomena. 
Interestingly, the pool of biologically available iron was significantly higher at 
Station 8 (330 g m'3) than at Station 2(171 g m'J) (Table 3.2). These differences do not 
correlate with soil organic matter content or CEC, but instead suggest the presence ot 
weakly crystalline or amorphous compounds such as iron oxyhydroxide (FeOOH). 
Although the “pool” of available iron was greater at Station 8, it is likely that in situ 
differences in the Eh-pH relationship at each station controlled Fe ~ solubility as well as 
determined which form of precipitated iron would be most stable in each system. 
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Geochemistry and Soils 
Chapter 2 compared iron levels both temporally and spatially. The results of the 
geochemical modeling (along with the physical evidence) suggest that the source of the 
soil/groundwater changed from the beginning of the season to the end. Upwelling 
groundwater occurred early in the growing season, followed by a drop in the water table 
and a concurrent increase in the influence of precipitation inputs later in the season. In 
the “springtime,” when groundwater was discharging from off-site sources, geochemical 
models inferred the controlling mineralogical composition of the aquifer from which the 
ions in the water were dissolving. Likewise, these same geochemical models can be used 
to infer which minerals were perhaps “forming” within the soil under 
equilibrium/supersaturated solubility conditions in the summer following groundwater 
drawdown. 
Precipitated carbonates were measured in the substrate (Table 3.4), but the loss 
on ignition analysis did not provide any information to differentiate or identify the 
complexing cation species. High levels of easily extractable and/or exchangeable iron 
and manganese were also measured. Additional explanations for the similarities, 
differences, and existence of these stored pools can be gleaned by studying the 
thermodynamic models. The most obvious control on Fe_ concentrations in 
groundwater is by oxidation to FeJ and precipitation as Fe-oxyhydroxides (Appelo and 
Postma 1994). As a result, bands of Fe-oxyhydroxides (and Mn-oxides) can form around 
the watertable depth, particularly in zones where Fe-rich groundwater is discharging and 
comes in contact with atmospheric oxygen. The solubility of Fe-oxyhydroxides can be 
compared using the activity product IAPFe00H = [^e ][OH']J . Fe-oxyhydroxides cover a 
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wide range of stabilities, from freshly precipitated amorphous Fe(OH)3 to the most stable 
phase hematite. With time, recrystallization of unstable phases toward more stable 
phases is to be expected with concurrent decreases in the solubility of Fe2+ (Appelo and 
Postma 1994). In a field study, Langmuir and Whittemore (1971) and Whittemore and 
Langmuir (1975) found that log (IAPFe00H) values ranged from -36 to -43 and they 
concluded that the groundwater was in equilibrium with Fe-oxhydroxides. In the present 
study, these values ranged from -37 to -43, for most of the growing season across the 
site, suggesting that Fe-oxyhydroxides were controlling Fe solubility here as well. The 
Solmineq.88 model uses a log (KT) value of -37.2 for amorphous Fe(OH)3, which is 
used synonymously with ferrihydrite (5Fe203 • 9H20) (Appelo and Postma 1994). Using 
mineral-specific log(Kx) values, it is possible to look for seasonal differences and the 
influence of specific iron minerals on the solution chemistry. 
Interestingly, early in the growing season (May 1997), stations 2, 3, and 6 had log 
(IAPFeOOH) values very close to -37, confirming an equilibrium condition with 
precipitating Fe-oxyhydroxides. By contrast, at Station 8, log (IAPFeOOH) values were 
closer to -39. Although this value still falls within Whittemore and Langmuir’s (1975) 
range of Fe-oxyhydroxide equilibrium, the Solimineq.88 model shows undersaturation 
with respect to amorphous iron. In that same water sample at Station 8, however, iron 
solubility appeared to be controlled by siderite, with log (IAP/KTFeC03) = -0.010 (with log 
KFeC03 =-10.54). 
The Fe-stability diagram (Fig. 3.2) shows that the stability ot siderite over 
Fe(OH)3 appears to be primarily influenced by Eh, but more so by the amount ol Fe in 
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4 1.0 
pH 
Figure 3.2. Stability relations in the system, Fe-H20-C02 at 25°C. 77C=10'- 5 mol/1. 
Solid/solution boundaries are specified for different Fe_+ activities. Heavy lines indicate 
“realistic” boundaries that correspond to usual field conditions. (Taken from Appelo 
and Postma 1994.) 
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the system. As the amount of reduced iron in the system is increased, the stability field 
for siderite is also increased. A value of [Fe2+] = 10'3 to 10'4 is realistic for this study site. 
At these levels, siderite may become an alternative solubility control (Appelo and 
Postma 1994). Iron levels were not higher at Station 8 compared with Stations 1, 2, 3, 
and 6, however, and so one would expect siderite to be controlling iron solubility at all 
these stations. In fact, supersaturation conditions are indicated by the model with respect 
to siderite for stations 1, 2, 3, and 6. These findings suggest that perhaps metastable 
conditions existed, with both amorphous iron and siderite precipitating concurrently at 
Station 1, 2, 3, and 6. Had oxidation conditions existed (even in microsites), the 
formation of Fe3+ and hence amorphous iron precipitates would have facilitated. Under a 
strongly reducing environment, siderite stability would likely dominate 
thermodynamically, but the kinetics of precipitation and crystallization may inhibit the 
speed of these processes. It is possible that the lower levels of iron measured at Station 8 
were the result of that station intercepting a different hydrologic source, whose iron 
chemistry was controlled not by precipitating siderite, but rather by the dissolution of 
siderite (occurring either within the aquifer geology or within the soil profile itself). 
Later in the summer (July 1997), the stability environment shifted somewhat 
across the site as groundwater dropped below the 30-cm sampling depth, and soil water 
reflected more of an in situ equilibrium. The soils were largely saturated from 
precipitation inputs held within the surface horizon by capillary forces. Water samples 
from this month (the same month in which the soils were sampled) showed multiple 
equilibria with several carbonate minerals, including calcite, dolomite, siderite, and 
MnC03. It is therefore likely that the carbonates measured in the soil samples consisted 
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of a combination of minerals and not simply CaC03 and/or CaMg(C03)2. These 
conditions were modeled for nearly all stations along the transect (Appendix N). Given 
this geochemical scenario, the measured levels of extractable (DTPA + TEA) iron and 
extractable (Morgan’s solution) manganese are not surprising (Tables 3.2 and 3.3, 
respectively). 
Although the stations may have been intercepting varying amounts of Fe and Mn 
from different groundwater sources, station-specific conditions (e.g.. Eh, pH, mineral 
equilibria, hydrologic gradients) dictated the flux of these minerals. Station 8, which had 
some of the lowest dissolved iron levels (Chapter 2), actually had a significantly larger 
pool of stored (available) iron than did the other stations (Table 3.2). Conversely, Station 
8 displayed significantly higher levels of dissolved Mn (Chapter 2) and exchangeable 
Mn (Table 3.2), but the stored (extractable) pool of Mn was not significantly different 
between the stations (Table 3.3). These findings suggest that the influx of Mn was 
similar across the site but that varying in situ (station) conditions (i.e., Eh-pH) controlled 
the amount of Mn that was soluble. 
Conclusions 
This study is the first of its kind to characterize substrate conditions spatially 
within a single base-rich wetland system. These results provide a detailed baseline tor 
substrate characteristics within a calcareous sloping wetland system in the greater 
northeastern United States. These data (along with the geochemical data) may prove 
useful in the evaluation of possible sites for restoration/conservation efforts with the goal 
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of preserving or restoring the vegetation species diversity and richness characteristic of 
these systems. 
This study clearly demonstrates the strong relationship between soils and 
geochemistry. Many studies have examined the basic relationships of saturation duration 
and frequency on soil morphology along a hydrotoposequence (Simonson and Boersma 
1972, Veneman et al. 1976, Richardson and Hole 1979, Pickering and Veneman 1984, 
Evans and Franzmeier 1986, Ransom and Smeck 1986, Kelsey and Hootman 1992), and 
much of this work was instrumental in the development and understanding of current 
models of hydric soil development (Mausbach and Richardson 1994, Veneman et al. 
1998). Although measurements of ferrous iron were often included in these studies to 
verify the presence of reducing conditions, none of these works actually related specific 
site measurements in groundwater geochemistry to differences in soil chemistry. The 
results of this study suggest that even under similar reducing conditions, soil chemistry 
can vary greatly within a single wetland site. Some of these differences are clearly 
related to varying amounts of organic matter accumulation and corresponding 
differences in CEC levels. Exchangeable nutrients such as Ca, Mg, and P follow this 
trend. Other differences appear to be the result of differential mineral fluxes controlled 
by a combination of varying water sources, hydrologic gradients, and in situ soil acidity 
levels. This finding appears to be particularly true for redox sensitive species like Fe and 
Mn. 
In hindsight, a weakness of the current study is its lack of temporal replication 
with respect to soil sampling. This study was designed from its inception to measure the 
suspected cyclic patterns of site hydrogeochemistry, but the possible temporally varying 
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effects of these patterns on soil morphology were not contemplated. Future research 
might seek to characterize the flux of nutrients in these systems with respect to seasonal 
hydrologic patterns. 
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CHAPTER 4 
VEGETATION ANALYSIS 
Introduction 
Calcareous fens are wetlands that develop where calcium-carbonate-rich 
groundwater discharges to the surface. Plant communities are often dominated by 
calciphiles, but considerable variability exists across the range of plant communities 
included under this general classification (Sjors 1963, Schwintzer 1978, Wassen et al. 
1990a, Komor 1994, Cooper 1996). Motzkin (1994) provided one of the few 
comprehensive floristic analyses for calcareous fens in the northeastern United States. 
Calcareous wetlands are rare ecosystems in New England due to the limited occurrence 
of limestone-rich bedrock. These habitats are targeted for conservation due to their great 
floristic diversity and their support of numerous rare and uncommon plant species. 
Broad, regional floristic studies would likely lump this entire research site as a 
single, albeit variable, calcareous fen community for comparison with other large fen 
systems. By contrast, this study seeks to document and characterize the mosaic of 
vegetation that comprises this single site. This portion of the study had the following 
three objectives: (1) to describe the general vegetation on the study site, (2) to quantify 
subtle differences within and among communities across the study site, and (3) to 
compare the site’s vegetation with other studies of the region. Objective 2 is seen as the 
most important of these goals, as no other work exists that documents the fine-scale 
patch dynamics of these species-rich systems. This small-scale approach allows for the 
eventual examination of local processes that might be responsible for spatial species 
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turnover (and resulting beta diversity levels) that would otherwise be obscured by large 
sampling approaches that aggregate environmental heterogeneity (Huston 1999). 
Methods 
Study Design 
Vegetation on the site was lush, with patchy composition giving the appearance 
of several small communities (60-100 m2) in relatively close proximity. With the intent 
of examining the degree and nature of this patchiness, a transect was established across 
the topographic gradient and study sites were selected based on coarse visual differences 
in community composition. Stations were centered within apparently homogenous 
stands of vegetation and were spaced far enough apart to avoid sampling the ecotones 
between adjacent communities (Fig. 1.2). 
Four stations were selected for the vegetative analysis because of similarities in 
vegetation structure, water-table profile, and disturbance history. Three of the stations 
(Stations 1, 2, and 8) were juxtaposed at the east end of the transect, with the fourth 
(Station 6) spatially separated to the west (Fig. 1.2). These four stations were dominated 
by herbaceous vegetation and had soils that were saturated to the ground surface for all 
but 3 weeks during the 1996 growing season. The site has a historical use as pasture, and 
10 to 15 head of cattle were allowed to thoroughly graze the study areas in 1996 between 
the months of May and November. Exclosures were erected around the sampling stations 
in May 1997 to prevent disturbance of the vegetation prior to sampling for this study. All 
soils in the vegetation study areas consisted of coarse-loamy solum material (typically a 
fine sandy loam or its mucky analogue) over a fine sand substratum. Evident differences 
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in soil morphology were the relative accumulations of organic matter at the surface and 
the corresponding depth of this horizon, which appeared to be influenced by mixing 
from the cattle’s hooves. 
Vegetation Sampling 
Vegetation composition was extensively surveyed in late July 1997. The 
“minimum sampling area” was determined to be 15 m2, based on a species area curve 
constructed for Station 2 using a threshold of no more than a 5% increase in species for 
every 10% increase in sampling area (Mueller-Dombois and Ellenberg 1974). A 
nonrandom, centralized sampling approach was used (Chapman 1976). Three 15-m2 
sampling plots were established at a central location at each of the four stations. It was 
necessary to locate the three 15-m2 “replicate” plots immediately adjacent to one another 
because of the relatively small size of the community being sampled. Well-worn paths 
were excluded from sampling. Vegetation within each 15-m2 sampling plot was 
surveyed using 15 contiguous 1-m2 quadrat frames with visual estimates of cover 
determined for each species. A modified Braun-Blanquet cover class system was used: 
class 1= less than 1% cover (midpoint value: 0.5), 2 = 1 to 5% cover (midpoint value: 
3), 3 = 5 to 20% cover (midpoint value: 12.5), 4 = 20 to 50% cover (midpoint value: 35), 
and 5 = greater than 50% cover (midpoint value: 75). Cover classes were recorded in the 
field for each species present. Average cover values were later calculated for each 
species within each 15-m2 composite sampling area by averaging the midpoint values lor 
each species across the fifteen 1-m2 quadrats. Species that could not be readily identified 
in the field were collected and taken to the University of Massachusetts Herbarium for 
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subsequent identification. Due to different stages of plant development at the time of 
sampling, it was not possible to identify all vegetation to the level of species. In certain 
cases, species within the same genus were lumped together when distinguishing flower 
parts were absent (e.g., Galium, Lycopus, and Viola). Nomenclature follows Gleason and 
Cronquist (1992), except for Solidago purshii, which follows Seymour (1989). Although 
bryophytes were not included in this study, it is notable that these life-forms were 
extremely uncommon within the study plots sampled. 
Data Analyses 
The main purpose of this study was to identify and describe subtle “micro” 
community differences within a single site. The use of “pseudo” replicates represented 
by the three adjacent study plots at each sampling station made it possible to assess the 
homogeneity of each plant community. Likewise, it was possible to compare within 
community differences (among the pseudoreplicates) to those floristic differences 
occurring between the vegetation communities. 
Plot similarity was analyzed and species turnover evaluated using a similarity 
index calculated by subtracting Sorensen’s coefficient (Causton 1988) from 1. Several 
ordination and cluster analyses were performed using PC-ORD Ver. 4.0 (McCune and 
Mefford 1999). Subprograms used included Agglomerative Cluster Analysis (CLUSTR), 
Indicator Species Analysis (Dufrene and Legendre 1997), Bray-Curtis Ordination (Beals 
1984), Mantel Test (Mantel 1967), and Nonmetric Multidimensional Scaling (NMS) 
(Kruskal 1964, Mather 1976). A “city-block” distance measure (also known as the 
Sorensen coefficient) was used wherever a distance measure was appropriate. 
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NMS (Kruskal 1964, Mather 1976) was selected as the primary ordination tool 
because it was designed specifically for use with phytosociological data that may be 
nonlinear with more than one primary gradient of interest. (McCune 1997). Because 
NMS has not yet received widespread use in the ecological scientific community, it is 
important to point out several fundamental differences between NMS and other 
ordination techniques. First, although dimensionality (i.e., the number of axes) can be 
varied in many ordination programs, the process of adding axes does not usually affect 
the structure of the existing axes. By contrast, in NMS, the first dimension in a two- 
dimensional solution is not necessarily the same as the first dimension for a three- 
dimensional or even a one-dimensional solution. For a given number of dimensions, 
each solution for a particular axis is unique. Second, axis numbers are arbitrary, so the 
percent of variance on a given axis does not necessarily form a descending series with 
increasing axis number. The variance explained, however, does increase as axes are 
added to the solution. Third, it is critical that the appropriate number of dimensions be 
selected for analysis and interpretation. Using too many dimensions can have a bad 
effect on the ability to interpret the results by spreading the variation over all the axes. 
Prior to running cluster and ordination programs, the data set was manipulated to 
achieve the normality assumptions inherent to these mathematical functions better. 
Species that occurred in fewer than two plots were eliminated, and a general 
relativization was performed by species. The resulting matrix fell within the accepted 
limits for normality as applied to community data (McCune 1997). To ensure that the 
transformed data matrix had retained the original community data structure, a Mantel 
Test (Monte Carlo technique) that compared the original data matrix to the transformed 
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matrix was performed. A p = 0.001 justified a rejection of the null hypothesis that there 
was no relationship between the two distance matrices. 
Results and Discussion 
More than 130 species were identified within the 180-m2 area sampled (Tables 
4.1, 4.2, and 4.3). Due to different stages of plant development at the time of sampling, it 
was not possible to identify all vegetation encountered to the level of species. Of the 
130-plus “species’' encountered, 23 were identified to level of genus and one to the level 
of family. In certain cases, species within the same genus (e.g., Lycopus, Lysimachia, 
and Viola) were lumped together when distinguishing flower parts were absent. 
Data for the 12 composite plots representing Stations 1, 2, 6, and 8 were analyzed 
using cluster and ordination techniques. After eliminating species with low occurrence 
from the data set (N < 2), the resulting matrix had 12 plots and 87 species. 
Community Characterization 
Species dominance was assessed for each of the four sampling stations by 
arithmetically averaging the midpoint cover values for each species across the three 
pseudoreplicate plots. Dominant species were defined as those species having average 
cover values greater than 1% at any station (Table 4.1). Subordinate species were 
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Table 4.1. Dominant community vegetation by station. 
Species Station 1 Station 2 Station 6 Station 8 
Mean midpoint 
cover % 
(frequency across three 
replicate plots) 
Agrostis alba. L. 3.62 (.33) * (.67) * (1.0) * (-67) 
Agrostis gigantea Roth. 1.19 (1.0) * (1.0) * (.33) * (1.0) 
Aster puniceus L. 7.40 (1.0) 3.03 (1-0) * (1.0) 5.90 (1.0) 
Carex leptalea Wahlanb. * (1.0) 1.34 (1.0) (0) * (1.0) 
Carex sterilis Willd.+ 1.29 (1.0) * (1.0) * (.33) * (1.0) 
Carex strict a Lam. 1.74 (.33) (0) (0) (0) 
Carex vesicaria L. (0) (0) 6.03 (.33) (0) 
Carex vulpinoidea Michx. * (.67) * (.33) 5.69 (1-0) * (1.0) 
Eleocharis spp. R.Br. 1.60 (1.0) 1.27 (1.0) * (.33) * (1.0) 
Equisetum arvense L. 2.20 (1.0) * (1-0) (0) 2.40 (1.0) 
Equisetum fluviatile L. * (.33) 8.79 (1.0) (0) (0) 
Eupatorium macula turn L. (0) * (.33) 1.89 (1.0) (0) 
Hydrocotyle americana L. * (1.0) * (1-0) * (1.0) 2.03 (1.0) 
Juncus brevicaudatus (Engelm.) 
Fern. 
1.03 (1.0) * (1.0) * (.33) * (.33) 
J. brachycephalus (Engelm.) 
Buchenau. 
1.42 (1.0) 3.51 (1.0) (0) 1.60 (1.0) 
Juncus effusus L. * (.33) (0) * (1.0) 1.26 (1.0) 
Juncus nodosus L. * (.67) * (1-0) * (.67) 1.49 (1.0) 
Lycopus spp. L. 2.09 (1.0) * (1.0) 1.61 (1.0) * (1.0) 
Lysimachia ciliata L. (0) * (-67) 1.38 (1.0) * (1.0) 
Lysimachia terrestris (L.) BSP 1.87 (1.0) (0) 1.37 (.67) (0) 
Mentha sp. L. 1.03 (1.0) * (1.0) * (.67) * (1.0) 
Onoclea sensibilis L. (0) (0) 1.86 (.33) 2.28 (.67) 
Parnassia glauca Raf. * (1.0) 1.36 (1.0) * (.33) 2.42 (1.0) 
Potentilla canadensis L. (0) (0) (0) 1.66 (1.0) 
Potentilla fruticosa L. (0) 1.45 (1.0) (0) 1.79 (1.0) 
Table continued. 
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Table 4.1 continued. 
Species Station 1 Station 2 Station 6 Station 8 
Mean midpoint (frequency across three 
cover % replicate plots) 
Prunella vulgaris L. * (1.0) * (1.0) * (1.0) 1.17 (1.0) 
Sagittaria latifolia Willd. 6.72 (1.0) * (1.0) * (.33) (0) 
Scirpus atrovirens Willd. * (-67) * (.67) * (1.0) 1.72 (1.0) 
Senecio aureus L. 1.24 (1.0) 3.52 (1.0) * (.33) 1.92 (1.0) 
Solidago purshii Porter * (.33) 3.04 (1.0) (0) * (.67) 
Spirea alba Duroi. (0) * (-33) (0) 1.23 (1.0) 
Symplocarpus foetidus (L.) 
Nutt. 
* (-67) 4.34 (1.0) 20.56 (1.0) 1.69 (1.0) 
Thelypteris palustris Schott. 2.28 (1.0) 14.75 (1.0) (0) 22.93 (1.0) 
Triadenum virginicum (L.) 
Raff. 
(0) * (.33) (0) 2.37 (.67) 
Viola sp. L. 2.14 (1.0) * (1.0) 1.94 (1.0) * (1.0) 
£ Avg. Midpoint cover 43.6% 54.8% 49.1% 60.9% 
+ May include Carex interior L. Bailey in abundance values. 
* species with < 1 % cover 
defined as those with low average cover (< 1%) and occurrence in at least two of the 
three replicate plots at any station (Table 4.2). Remaining species, those exhibiting both 
low cover (< 1%) and low station frequency (< .33) are listed in Table 4.3. Most species 
had high frequency and low cover, with nearly a third of the total species present in only 
1 of the 12 macroplots sampled. 
139 
Table 4.2. Subordinate community vegetation by station (mean cover values < 1%). 
Species Station 1 Station 2 Station 6 Station 8 
(frequency across three replicate plots: 0, .33, .67, 1.0) 
Acer rubrum L. (.67) (.67) (.67) (TO) 
Alisma subcordatum Raf. (1.0) (0) (0) (0) 
Antiioxanthum odoratum L. (0) (0) (0) (TO) 
Aster lateriflorus (L.) Britton (.33) (0) (.67) (TO) 
Be tula papyifera Marshall. (0) (0) (0) (-67) 
Bidens connata Muhl. (.33) (.67) (0) (0) 
Bidens frondosa L. (0) (0) (TO) (.67) 
Boehmeria cylindrica (L.) Swartz. (0) (0) (TO) (0) 
Carex flava L. (.33) (1.0) (-33) (TO) 
Carex granularis Muhl. (.33) (.67) (.33) (TO) 
Carex hystericina Muhl. (.33) (.67) (.33) (0) 
Carex lupulina Muhl. (0) (0) (.67) (0) 
Carex lurida Wahlenb. (.33) (0) (-33) (-67) 
Carex normalis Mackenzie (0) (0) (.67) (0) 
Carex stipata Muhl. (.67) (0) (.67) (0) 
Chelone glabra L. (0) (.33) (.33) (TO) 
Cicuta bulbifera L. (0) (0) (.67) (0) 
Cyperus bipartitus Torr. (.67) (.33) (0) (.67) 
Daucus carota L. (0) (0) (0) (.33) 
Eupatorium perfoliatum L. (1.0) (TO) (TO) (TO) 
Fragaria sp. L. (0) (.33) (0) (TO) 
Fraxinuspennsylvanica Marshall. (TO) (.67) (.67) (TO) 
Galium spp1 L. (.33) (.67) (.67) (.67) 
Geranium maculatum L. (0) (.33) (0) (.67) 
Geum rivale L. (0) (-33) (0) (.67) 
Glyceria striata (Lam.) A. Hitchc. (1.0) (TO) (TO) (TO) 
Gnaphalium sp. L. (0) (0) (0) (.67) 
Impatiens capensis Meerb. (.67) (0) (TO) (0) 
Table continued. 
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Table 4.2 continued. 
Species Station 1 Station 2 Station 6 Station 8 
(frequency across three replicate plots: 0, .33, .67, 1.0) 
Jurtcus marginatus Rostk. (0) (0) (0) (1.0) 
Juncus tenuis Willd (1.0) (1.0) (.67) (1.0) 
Leersia oryzoides (L.) Swartz. (1.0) (.67) (1.0) (1.0) 
Lobelia kalmii L. (0) (.67) (0) (1.0) 
Ludwigiapalustris (L.) Elliot (0) (.67) (0) (0) 
Lysimachia thyrsiflora L. (0) (.67) (0) (0) 
Muhlenbergia sp. Schreber (1.0) (.67) (1-0) (1.0) 
My os otis sp. L. (0) (0) (1.0) (0) 
Oxalis stricta L. (.67) (0) (1.0) (1.0) 
Panicum lanuginosum L. (.33) (-33) (0) (1.0) 
Pileapumila (L.) A. Gray (0) (0) (1.0) (0) 
Plantago sp. L. (0) (0) (.67) (.67) 
Poa spp? L. (0) (0) (0) (.67) 
Polygonum sagittatum L. (.67) (0) (1-0) (1.0) 
Polygonum spp.3 L. (-33) (0) (1.0) (-33) 
Pycnanthemum tenuifolium Schader (0) (0) (0) (-67) 
R. hispidus var. nitidus (Elliot) 
T.Duncan 
(.33) (0) (.67) (1.0) 
Rorippa nasturtium-aquaticum (L.) 
Hayek 
(0) (0) (1.0) (0) 
Rubus sp. L. (.67) (.33) (.67) (0) 
Salix sericea Marshall. (0) (0) (0) (.67) 
Selaginella apoda (L.) Spring. (1-0) (.33) (0) (1.0) 
Solidago patula Muhl. (TO) (1.0) (0) (1.0) 
Spiranthes romanzoffiana Cham. (0) (0) (0) (1.0) 
Taraxicum officinale Weber (1.0) (1.0) (0) (1.0) 
Thalictrum pubescens Pursh. (0) (.67) (0) (.67) 
Table continued. 
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Table 4.2 continued. 
Species Station 1 Station 2 Station 6 Station 8 
(frequency across three replicate plots: 0, .33, .67, 1.0) 
Trifoliuni sp. L. (.67) (0) (0) (.33) 
Vibernum dentatum L. (0) (.67) (0) (0) 
Cyperaceae leaf base (.33) (1.0) (.33) (0) 
1 Including G. palustre L. and G. trifidum L. 
2 Including P.compressa L. and P. pratensis L. 
3 including P. per sic aria L. 
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Table 4.3. Species with mean cover < 1% and occurrence in only one replicate plot. 
Species Station 1 Station 2 Station 6 Station 8 
X: denotes presence of species at station 
Achillea millefolium L. X 
Agrostis capillar is L. X 
Berber is thunbergii DC. X 
Bidens cernua L. X 
Carex tribuloides Wahlenb. X 
Cerastium vulgatum L. X X 
Cerastium sp. L. X 
Chysanthemum leucanthemum L. X X X 
Cornus sp. L. X 
Daucus carota L. X 
Eriophorum sp. L. X 
Festuca sp. L. X X 
Glyceria canadensis (MichX.) Trin. X 
L ilium canadense L. X 
Lythrum hyssopifolia L. X 
Orchis spectablis L. X X X 
Osmunda regal is L. X 
Parthenocissus quinquifolia (L.) Planchon. X 
Phleum pratense L. X 
Pinus strobus L. X 
Polygonum hydropiperoides Michx. X 
Populus tremuloides Michx. X X 
Ranunculus hispidus Michx. X 
Rudbeckia sp. L. 
X 
Salix discolor Muhl. X 
X 
Scutellaria lateriflora L. X 
Scirpus cyperinus (L.) Kunth. X 
Solidago gigantea Aiton. X 
Table continued. _ 
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Table 4.3 continued. 
Species Station 1 Station 2 Station 6 Station 8 
X: denotes presence of species at station 
Solidago graminifolia (L.) Nutt. X 
Toxicodendron radicans (L.) Kuntze. X 
Trifolium pratense L. X 
Typha lat folia L. X X 
Ulmus sp. L. X X 
Zizia aurea (L.) Koch. X 
Community Homogeneity 
Agglomerative Cluster Analysis was used to assess the relative homogeneity of 
the vegetation across the four sampling stations. As anticipated, the analysis produced 
clusters that matched the a priori station groupings. The relative dissimilarity between 
the resulting groups is evident from the different lengths of branching/chaining between 
the plots in the dendrogram (Fig. 4.1). The longer the branching, the more dissimilar the 
floristic composition. 
Station 8 exhibited the greatest degree of internal homogeneity between its three 
pseudoreplicate plots, and Station 6 showed the least. Stations 2 and 1 were each 
somewhat less internally homogenous than Station 8, but these stations were more 
similar in composition to each other than to Station 8. Also notable is the eventual 
grouping of Stations 1, 2, and 8, to the exclusion of the plots at Station 6. Possible 
environmental explanations for these patterns are discussed in Chapter 5. 
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Species Richness 
Species richness values ranged from 55 to 80 species per 15-nr sampling area 
(Table 4.4), with Station 8 having significantly greater species richness than the other 
three stations. Although not representative of minimum area totals, the richness 
measured in individual 1-m2 quadrats also provides interesting results. Quadrat totals 
ranged from a low of 15 species (within Station 1.3) to a high of 49 species (within 
Station 8.2). The average species richness across 180 (1-m2) quadrats was 29.75. 
Table 4.4. Species richness per 15-m2 plot. 
Replicate 
Station 
1 2 3 Mean (SD) 
1 74 55 56 61.7(10.7) 
2 68 63 62 64.3 (3.2) 
6 66 63 66 65.0 (1.7) 
8 75 80 75 76.7 (2.9) 
Actual species richness values for the site may be even higher than reported here 
for several reasons. First, only selected portions of the transect were sampled. Second, 
several species known to be present in the study area had senesced earlier in the growing 
season and were not evident during the July-August survey. Last, it was not possible to 
make all identifications to the species level, and it is therefore possible that multiple 
species within the same genus have been overlooked. 
The species richness values from this research compare favorably with the results 
obtained in other fen studies in the New England-New York State region. Bedford et al. 
(1999) reported vascular species richness levels ranging from approximately 26 to 78 
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species per 25-m2 area for 10 fens in New York State having a surface water pH range 
similar to that of the present study. The richness values in the present study are strikingly 
higher than the richness range encountered by Bedford and associates, considering that 
the present study used a sampling area of 15 m2 as compared with the 25-m2 area used by 
Bedford. It is likely that these relatively high richness levels are due to a combination of 
factors unique to this study site. Most notable are the grazing (and trampling) effects of 
the cattle and the variable geochemistry and substrate characteristics across the study 
site. 
The repeated (seasonal) grazing of the site prevented any species (particularly 
woody ones) from establishing dominance and shading out otherwise less competitive 
seedlings and low-stature species. These site conditions are consistent with Grime’s 
(1979) model of species richness, in which maximum richness is expected at some 
intermediate level of both standing crop and disturbance (with low species richness 
expected when extremes of either criterion prevail). Moore and Keddy (1989) confirmed 
the predictive power of Grime’s model among vegetation types, but found that it was not 
reliable as a richness predictor within vegetation types. Therefore, the relatively high 
species richness of this study site (even when compared with other rich fen systems) 
must be governed by processes other than standing crop and disturbance levels. 
The hummocky micro-relief present across much of the study area as a result ol 
cattle trampling may account for a substantial portion of the species richness 
encountered. This microrelief (ranging from 1 to 10 cm) provided a distinct vertical 
moisture/aeration gradient, which permitted the establishment of numerous species (with 
potentially different environmental niches) across a very small lateral area. This 
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interpretation is consistent with the findings of Vivian-Smith (1997), who examined the 
effects of microtopographic heterogeneity on floristic diversity in controlled wetland 
experiments. Vivian-Smith measured highly significant increases in species richness in 
communities with microtopography on the scale of 1 to 3 cm, with most species 
exhibiting a distinct preference for hummock versus hollow microhabitat. 
Species Turnover and Plot Similarity 
Many species identified in this study had low frequency. Of the 130 species 
identified across the twelve composite plots, 31 occurred in only one plot and 19 in only 
two. Only a third of the total species (44) occurred in at least six of the twelve plots. To 
quantify and evaluate species turnover among study plots, a similarity matrix was 
constructed using presence/absence data (Table 4.5). The resulting index ranged from 0 
(no similar species) to 1 (identical species). As expected, the lowest turn-over was 
measured between the replicates at each individual station. Similarity indices between 
replicates ranged from 0.825 to 0.989, with both extremes interestingly occurring at 
Station 6. In most cases, replicates shared more than 90% of their species. Looking at 
nonreplicate (15-m2) plots, the greatest species turnover was measured between plots 2.1 
and 6.2, which shared less than 51% of their species. 
A second matrix details the species turnover at a larger scale among the four 
stations (Table 4.6). Resulting similarity indices range from a low of 0.761 (between 
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stations 2 and 6) to a high of 0.918 (between stations 1 and 2). Given that only a third of 
the total (44 out of 130) species occur in six or more replicate plots, the high percentage 
of shared species between the stations must be the result of high species turnover 
between the stations. In other words, although stations 2 and 6 share 76% of their species 
and stations 6 and 8 share 79% of their species, there is a much lower overlap of shared 
species among the three stations. Of the 123 species found at stations 2, 6, and 8, only 29 
(or less than 24%) are shared by all three stations. 
Table 4,6. Species similarity matrix comparing overall (45-m2) stations.7 
1 2 6 8 Station 
1 0.918 0.875 0.886 1 
1 0.761 0.892 2 
1 0.787 6 
+ Indices calculated as 1 minus Sorenson Distance. 1 8 
One possible explanation for the high species turnover measured in the present 
study could be the variations in substrate chemistry and groundwater chemistry between 
the different stations (Chapters 2 and 3). Certain species (or species associations) could 
be responding to gradients in soil and geochemical parameters that are present across 
this site. These relationships are explained further in Chapter 5. 
Although no similar studies exist for direct comparison, turnover relationships 
can be inferred from Motzkin’s (1994) work by looking at species frequency. In 
Motzkin’s study, 10 of his 55 (100-m2) releves had vegetation similar to that in the 
present study (classified as Carex interior-C. leptalea-C. flava type). Of the 127 vascular 
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plant species present across these 10 releves, 55 (more than 43%) were listed with a 
frequency of 10% (that is, occurrence in 1 of the 10 releves surveyed). Twenty-nine 
species had a frequency of 20% (present in 2 of the 10 releves surveyed), and only 21 
species (less than 17%) had a frequency of 50% or greater. Although these values do not 
represent actual turnover data, they are indicative of the high variability in species 
composition for this community type. 
Indicator Species Analysis 
Indicator species analysis (ISA) combines the relative abundance of a species and 
its relative frequency to produce an indicator value for each species in each group. 
Indicator values range from zero (no indication) to 100% (perfect indication). These 
indicator values are then tested for significance using a Monte Carlo technique. Species 
with a maximum indicator value greater than 70% (and a p < 0.05) are presented in 
Table 4.7. Twenty-five indicator species are identified across the four stations surveyed. 
Most of these species are present at more than one station, but they exhibit 
disproportionately high cover and frequency values among one set of replicate plots. 
Stations 6 and 8 each include several species that exhibit exclusive fidelity to their 
community. 
The distribution of these so-called indicator species may be due to differences in 
substrate chemistry, groundwater geochemistry, or both that present more ideal growing 
conditions at one station compared with the others. Some possible environmental 
explanations are discussed in Chapter 5. 
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Twelve -Plot Ordination 
Ordinations were generated to spatially analyze the relationships between the 
plots and to help identify the magnitude and direction of possible environmental 
gradients across the site. NMS was selected for the ordinations because it is a method 
that is well suited to data that are nonnormal or are on arbitrary, discontinuous, or 
otherwise questionable scales (McCune and Mefford 1999). For this data set, 
dimensionality was assessed using the autopilot function, which runs the program 40 
times with real data and 50 times with randomized data sets. Although the program 
analyzed up to six dimensions, it was determined that a two-dimensional ordination 
provided the most meaningful interpretation of this data set. 
A two-dimensional NMS ordination was then run for the 12 (plot) x 87 (species) 
relativized matrix using the coordinates generated from an earlier Bray-Curtis ordination 
as the starting coordinates for the iterative solution (Fig. 4.2). Both axes isolated Group 
6. Axis 1 shows a gradient beginning with the plots in Groups 1 and 2, extending to 
Group 8, and concluding with Group 6. Axis 2, by contrast, illustrates a gradient that 
extends from plots at Groups 2 and 8, extending to Group 1, and concluding again with 
Group 6. Coefficients of determination for the correlations between the ordination 
distances and the distances in the original n-dimensional space were as follows: Axis 1, 
R2 = 0.410; Axis 2, R2 = 0.446; with a cumulative explanation of 0.856 (or 85.6%). 
To evaluate the robustness of the 12-plot NMS solution, the ordination was rerun 
several times using random number seeds as the starting coordinates. Although a high 
level of variance was explained by each of these ordinations (R“ = ±85%), it was clear 
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Figure 4.2. NMS Ordination of 12 plots in species space. Axis 1: R2 = 0.410 
and Axis 2: R2 = 0.446. 
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that the largest explanation was contained in whichever axis separated Group 6 from the 
rest of the plots. 
Species correlations with axes 
Correlation coefficients were generated from the species variables against the 
axes ordination scores (Table 4.8). These coefficients express the linear (Pearson s r) 
relationship between the ordination scores and the individual variables used to construct 
the ordination. If a variable has any linear relationship with an ordination axis, it is 
expressed in the correlation coefficient. The squared values of the correlation 
coefficients express the proportion of variation in position on an ordination axis that is 
“explained” by the variable in question. Species exhibiting the strongest linear 
relationships are presented on a joint plot in Figure 4.3. The joint plot uses a cloud of 
radiating lines to represent the direction and magnitude of the correlation between the 
individual species and the axes’ ordination scores. Species with high correlation values 
were disregarded if their abundance patterns did not exhibit linearity across the axis 
gradient. This situation occurred predominantly for the so-called indicator species that 
were present in only one group of plots. Linear response was assessed using the overlay 
and scatterplot function of PC-ORD, which enable an assessment of the presence of 
outliers and the existence of a truly linear relationship (Fig. 4.4). 
Two points can be made with respect to the joint plot and its interpretation. First, 
certain species have a stronger linear relationship with the ordination than others, hence, 
they ostensibly have a stronger relationship to any underlying environmental gradients 
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Table 4.8. Species correlations with 12-plot ordination in species spacef 
Species Species CodeT Pearson’s r Axis of 
Correlation 
Carex flava CRXFLA -0.849 2 
Eleocharis sp. ELEOCH -0.779 1 
Glyceria striata GLYSTR -0.776 1 
Juncus brachycephalus JUNBRA -0.715 2 
Lobelia kalmii LOBKAL -0.741 2 
Lycopus spp. LYCOSP 0.746 2 
Lysimachia terrestris LYSTER 0.749 2 
Parnassia glauca PARGLA -0.804 2 
Polygonum sagittatum PLYSAG 0.857 1 
Senecio aureus SENAUR -0.736 2 
Solidago patula SOLPAT -0.726 1 
Thelypteris palustris THELYP -0.865 2 
Viola sp. VIOLA 0.768 2 
fCorresponds to Fig. 4.3. 
that might explain the axes. Second, these strongly correlated species appear to be 
clustered in the diagram, indicating that the clustered species may share a response to a 
common underlying environmental gradient. Species such as Viola sp. (VIOLA), 
Lycopus spp. (LYCOSP), and Lysimachia terrestris (LYSTER) appear to be responding 
positively to some gradient(s) expressed along Axis 2 (Fig. 4.3), whereas Carex 
granulares (CRXGRA), Parnassia glauca (PARGLA), Carex flava (CRXFLA), and 
Thelypteris palustris (THELYP) appear to be responding negatively along that same 
axis. By contrast, other species such as Juncus brachycephalus (JUNBRA), Carex 
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Figure 4.3. Joint plot showing species correlations with 12-plot NMS 
ordination in species space. (Explanation of species abbreviations is 
included in Table 4.8. Length and direction of vectors indicate species 
relationship with axes.) 
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Figure 4.4. Example of scatter-plot and overlay functions in PC-ORD package. The 
overlay function uses differently sized plot symbols to indicate the relative abundance 
of an individual species at each plot. A scatter-plot is shown for each axis which 
includes a linear regression line, and the Pearson’s r values shown represents the 
correlation of the species abundance value at each plot with the axes ordination scores. 
(Example shown above uses Parnassia glauca, PARGLA, on the base ordination in 
Fig. 4.2.) 
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leptalea (CRXLEP), and Solidago patula (SOLPAT) show a strong linear response to 
Axis 1. 
Nine-Plot Ordination 
In the event that subtle gradients in the ordination were being masked by the 
presence of Group 6, an ordination was generated using only the nine plots from the 
“upper” fen, excluding Station 6. To ordinate the nine plots from Groups 1, 2, and 8, it 
was necessary to revise the original plot by species matrix. After eliminating the three 
plots in Group 6 and discarding those species with low occurrence (N < 2), the resulting 
matrix had 9 plots and 76 species. A general relativization was then performed to lower 
the coefficient of variation and improve the normality of the data set. The resulting 
matrix was then evaluated using a Monte Carlo test to ensure that the resulting matrix 
had substantially retained the information of the original data set. A p — 0.001 justified a 
rejection of the null hypothesis that there was no relationship between the two distance 
matrices. 
Dimensionality of this data set was evaluated using the NMS autopilot function, 
which evaluated up to six dimensions, by running the program 40 times with real data 
and 50 times with randomized data. Monte Carlo tests determined that two dimensions 
provided the best explanation (i.e., reduction of stress) for the real data when compared 
with solutions achieved using randomized data. A two-dimensional NMS ordination was 
then run for the nine upper fen plots using Bray-Curtis scores as starting coordinates 
(Fig. 4.5). A clear gradient is exhibited along the first and primary axis (R — 0.653), 
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Figure 4.5. NMS ordination of 9 plots in species space. Axis 1: R = 0.653 and 
Axis 2: R2 = 0.204. 
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from plots 8 to 2, to 1. Axis 2 (R2 = 0.204) markedly separates plots at 1 and 8 from 
those at Station 2. 
Species correlations with axes 
Selected species correlation values along with species codes, which correspond 
to the joint-plots illustrating “gradient” and “indicator” species (Figs. 4.6 and 4.7, 
respectively), are presented in Table 4.9. Few species show clear transitional gradients 
along Axis 2, although several indicator species (present only at Station 2) provide most 
of the explanation for this axis. As shown in Figure 4.8, highly correlated species appear 
to be oriented in three distinct clusters in relationship to the underlying ordination. 
Group A (as designated in Fig. 4.8) is highly correlated with Axis 2; Group B is highly 
correlated with Axis 1; and Group C species appear to be related to both axes, which 
may represent a similar response to the primary environmental gradients expressed on 
the two individual axes or could relate to an altogether separate gradient. Possible 
explanations for these vegetation patterns are explored in Chapter 5. 
Similar Communities Described in the Literature 
Motzkin (1994) conducted the only extensive floristic survey of calcareous fens 
in western New England and adjacent New York State that characterized the vegetation 
associations present in these habitats. Based on analyses ot data from 55 (100-m ) 
releves, seven general vegetation associations were defined by Motzkin. Vegetation on 
this study site most closely matches Motzkin’s Carex interior-C. leptalea-C. flava type 
(Group III). This association is characterized by Carex interior. C. Ieptalea, C. flava, C. 
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Figure 4.6. Joint plot showing correlation of “gradient” species with 9-plot 
NMS ordination in species space. (Explanation of species abbreviations is 
included in Table 4.9. Length and direction of vectors indicate species 
relationship with axes.) 
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Figure 4.7. Joint plot showing correlation of “indicator” species with 9-plot 
NMS ordination in species space. (Explanation of species abbreviations is 
included in Table 4.9. Length and direction of vectors indicate species 
relationship with axes.) 
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Table 4.9. Species Correlations with 9-plot ordination in species spacef 
Species Species Code+ Pearson’s r Axis of 
Correlation 
Acer rubrum ACERRU -0.820 1 
Agrostis alba AGRALB 0.764 2 
Alisma subcordatum ALISMA 0.783* 1 
Anthoxanthum odoratum ANTHOX -0.744* 1 
Aster puneceus ASTPUN -0.686 2 
Car ex flax a CRXFLA -0.878 1 
Car ex granular is CRXGRA -0.843 1 
Car ex leptalea CRXLEP 0.670 2 
Equisetum fluviatile EQUFLU 0.854* 2 
Eupatorium perfoliatum EUPPER 0.890 1 
Juncus brachycephalus JUNBRA 0.708 2 
Juncus marginatus JUNMAR -0.775* 1 
Juncus tenuis JUNTEN -0.834 1 
Lobelia kalmii LOBKAL -0.730 1 
Lycopus spp. LYCOSP 0.855 1 
Lysimachia terrestris LYSTER 0.851* 1 
Onoclea sensibilis ONOSEN -0.670* 1 
Parnassia glauca PARGLA -0.707 1 
Potentilla canadensis POTCAN -0.716* 1 
Sagittaria latifolia SAGLAT 0.840* 1 
Scirpus atrovirens SCIRAT -0.811 1 
Senecio aurea SENAUR 0.702 2 
Solidago purs hi i SOLPUR 0.852* 2 
Spiranthes romanzoffiana SPIRAN -0.757* 1 
Table continued. 
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Table 4.9 continued. 
Species Species Code+ Pearson’s r Axis of 
Correlation 
Symplocarpus foetidus SYMPLO 0.843 2 
Taraxacum officinalis TARAX -0.692 2 
Thelypteris palustris THELYP -0.884 1 
Triadenum virginicum TRIVIR -0.666* 1 
Viola sp. VIOLA 0.769 1 
tCorresponds to Figs. 4.6, 4.7, and 4.8. 
* Designates “indicator” species as opposed to “gradient” species 
hystericina, Larix laricina, Parnassia glauca, Solidago patula, S. purshii, and 
Thelypteris palustris, with Rhamnus alnifolia, Equisetum fluviatile, Equisetum spp., 
Ribes spp., and Cornus spp. also important. Rare species included Carex sterilis, C. 
tetanica, Equisetum scirpoides, Petasites palmatus, Lobelia kalmii, and Spiranthes 
romanzoffiana. This description matches the floral composition of the “upper fen 
(Stations, 1,2, and 8) in this study fairly well. The only dominant species included above 
that are absent in the present study are woody species that may have been present in the 
greater study area but were excluded from sampling unless they were found in the 
herbaceous or low-shrub layers. Motzkin (1994) comments that this specific vegetation 
association appears limited to the western Massachusetts-adjacent New York State 
region. 
This vegetation association has been described under several regional 
classification systems (Reschke 1990, Weatherbee and Crow 1992, Kearsley 1999). The 
“upper fen” community (centered around Station 2) closely resembled the calcareous 
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Figure 4.8. Similar distribution patterns separate the “gradient” species from 
Figure 4.6 into three cluster groupings based on the strength and direction of 
their correlations with each axis. 
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sloping fen” community described by Kearsley (1999) for the Massachusetts Natural 
Heritage and Endangered Species Program. Kearsley noted that this wetland community 
type is the most nutrient- and species-rich of all the fen communities described for 
Massachusetts, with many associated rare plant and animal species. Of the eleven rare 
plants listed by Kearsley, 4 (Carex sterilis, Juncus nodosus, Lobelia kalmii, and 
Spiranthes romanzoffiana) were found in the present study. Reschke (1990) described a 
similar community for the New York Natural Heritage Program as a “rich sloping fen,” 
characterizing it as a peatland with variable structure and very high species diversity. Of 
the 28 characteristic herb/graminoid species noted, 14 were surveyed in the present 
study. Weatherbee and Crow (1992), while cataloging the natural communities of 
Berkshire County, Massachusetts, described a similar peatland system as a “sloping 
graminoid fen,” sometimes referred to as a “calcareous wet meadow. They noted that 
many species characteristic of this community were also restricted to it and thus were 
considered rare. Of the 21 characteristic graminoid species listed by Weatherbee and 
Crow, 8 were found in the present study. 
Despite the relatively limited geographical extent of this vegetation type, 
considerable floristic variation has been reported (as described above). This variability 
may be due in large part to differences in microclimate, elevation, landscape position, 
substrate and groundwater chemistry, hydrological regime, microrelief or disturbance 
history across the many sites cataloged. 
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Conclusions 
This study is the first to document the fine-scale patch dynamics of a calcareous 
sloping fen community. High species richness and turnover were measured across the 
site, with multiple indicator species identified for each sampling station. Although high 
species richness appears characteristic of these systems, this site’s comparatively high 
richness levels may be explained by a moderate standing crop maintained through a 
regular grazing program combined with microtopographic heterogeneity created by the 
cattle's trampling. High species turnover among the sampling stations suggests 
landscape heterogeneity, where species are gradually replaced along multiple 
environmental site gradients. Ordination results support this conclusion insofar as highly 
correlated linear distribution patterns were observed for numerous species. 
These species-rich communities appear to be organized along complex 
hydrological-geochemical gradients, which are produced by local patterns of 
groundwater discharge, surface flow, water-table, and evaporation gradients. Chapter 5 
examines the nature and scope of environmental gradients that may be influencing the 
patchlike distribution of vegetation within this calcareous sloping fen community. 
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CHAPTER 5 
VEGETATION AND ENVIRONMENTAL GRADIENTS 
Introduction 
The effects of water chemistry, specifically pH and ionic composition, on the 
distribution of fen vegetation are well documented (Vitt et al. 1975, Schwintzer 1978). 
Other research relates vegetation to variables of the substrate environment, namely 
moisture levels and substrate chemistry (Jeglum 1971, Sims et al. 1982, Ashworth 
1997). Such studies commonly draw their conclusions after examining and contrasting 
large fen systems across a wide geographical base. Little attention has been given to 
documenting and understanding the numerous environmental gradients (of groundwater 
and substrate chemistries) that may exist within a single fen system. 
This research is based on the premise that biogeochemical gradients restrict or 
influence the distribution and occurrence of plant species within wetland environments, 
and that site biogeochemistry may play an important role in the natural selection process 
of wetland plant species at relatively small spatial scales. In this chapter, the 
relationships between the vegetation distribution patterns across the study site and the 
multiple field, soil, hydrological, and geochemical parameters measured in this study are 
presented. Calcareous wetlands have limited occurrence in New England, and as such 
they harbor many species that are considered rare. Efforts towards preserving or 
restoring these unique wetland systems will benefit greatly from the findings of this 
study. Although gradient analysis cannot provide specific explanations for particular 
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species occurrence, it can elucidate meaningful trends and relationships between the 
environment and vegetation distribution patterns. 
Materials and Methods 
Details regarding the materials and methodologies used in the extensive 
environmental sampling for this study are presented elsewhere in this document. The 
hydrogeochemical analyses are presented in Chapter 2, and soil analyses are discussed 
separately in Chapter 3. Likewise, details of the vegetation analysis are presented in 
Chapter 4. 
This chapter combines the data from the vegetation analysis with that of the 
many environmental parameters sampled in this study and relates vegetation distribution 
to environmental gradients occurring across the site. Although hydrogeochemical data 
were collected for three growing seasons, only data from the 1997 season were used for 
this analysis. Soils were sampled in July 1997, and the vegetation was analyzed in July 
and August of that same year. To reduce the number of variables in the correlation 
matrix, hydrogeochemical data (collected biweekly for 32 weeks) were reduced to 
seasonal means for each sampling plot. The only exceptions were groundwater iron and 
calcium levels, which were also summarized as to seasonal minima and maxima for each 
sampling plot. Table 5.1 lists the 29 factors included in environmental matrix for this 
analysis. 
Although sampling stations were originally sited based on visual dilterences in 
the vegetation communities present, there was no preexisting information about 
environmental gradients that might explain these differences. Because the three 15-nr 
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vegetation macroplots at each station were pseudoreplicates, they lacked independence 
from each other with respect to the vegetation data collected. No assumptions, however, 
were made with respect to the environmental attributes of these locations. This study 
design typifies an “indirect gradient analysis," because no environmental gradients were 
known when the experimental layout was designed. 
Data Analyses 
Several ordination analyses were performed using PC-ORD Ver. 4.0 (McCune 
and Mefford 1999). Nonmetric Multidimensional Scaling (NMS) (Kruskal 1964, Mather 
1976) was selected as the primary ordination tool because it was designed specifically 
for use with phytosociological data that may be nonlinear with more than one primary 
gradient of interest. (McCune 1997). A “city-block” distance measure (Sorensen 
coefficient) was used wherever a distance measure was appropriate. Data sets were 
relativized to achieve normality prior to running the ordination program. To ensure that 
the transformed data matrix had retained the original community data structure, a Mantel 
Test (Mantel 1967), which compared the original data matrix to the transformed matrix, 
was performed. A p = 0.001 justified a rejection of the null hypothesis that there was no 
relationship between the two distance matrices. 
Relationships between vegetation and environmental gradients were assessed 
using the overlay function of PC-ORD, which correlated plot information from two 
separate matrices (i.e., species abundance and environmental variables) without any 
distortion of the data. Correlations and overlay plots were the most meaningful way to 
interpret this data set. Regression analysis was inappropriate tor this type of study 
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because the occurrence of a species in nature is never determined by a single factor but 
rather by combinations of factors (Petersen 1989). 
Although many ordination programs are available for community data analysis, 
NMS was deemed most suitable for this data set. NMS is well suited to community 
(ecological) data because NMS avoids the “zero truncation" problem common to 
community data. Most ordination programs treat the common absence of a species (zero 
"0" abundance) as a positive indicator of similarity between two or more sample plots 
when in fact no real information is indicated. NMS was selected over other commonly 
used ordination programs such as Principal Components Analysis (PCA), Detrended 
Correspondence Analysis (DCA), and Canonical Correspondence Analysis (CCA), most 
commonly known as CANOCO (ter Braak 1988, 1990). PCA is only appropriate when 
data are linear (an assumption rarely achieved by community data), and DCA works best 
when only one dimension (i.e., gradient) of the data set is important (McCune 1997). 
CCA only provides meaningful results when the important underlying (i.e., explanatory) 
environmental variables have been measured, because it actually uses the environmental 
data to constrain the vegetation ordination. This feature makes CANOCO more 
appropriate for direct gradient analysis than for an indirect gradient analysis, as was 
conducted in this study. 
For this study, environment-vegetation relationships were interpreted using 
several approaches. First, vegetation data were ordinated (as described in Chapter 4), and 
correlations were performed using the environmental data and the axes ordination scores 
to assess the relationship between each environmental parameter and the vegetation 
communities represented by the ordination of the plots. Second, individual species data 
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(recorded as percent cover) were correlated with those same ordination scores (in species 
space) to assess which species displayed the strongest relationship with the axes (and 
hence with any underlying environmental gradients that might explain an axis). Using a 
reciprocal approach to this analysis, the environmental matrix was itself then normalized 
and ordinated, creating an ordination of plots in environmental space (as opposed to 
species space). Environmental variables were then correlated individually against the 
ordination scores to determine which factors had the strongest explanatory value for the 
ordination. Finally, vegetation data were correlated against the ordination scores (in 
environmental space) to assess which species might be responding to those gradients 
identified by the ordination axes. Although this reciprocal approach may seem 
redundant, it provided an important check for this analysis. Most statistical operations, 
including ordination, assume that sampling data are independent. This study, however, 
used a pseudoreplicate design for its vegetation analysis; therefore, the study plots are 
not independent with respect to the vegetation analysis and the resulting ordination of 
these data. This lack of independence, though, does not carry over to an ordination of the 
environmental data, because the sites were not selected with any bias in this respect. 
Therefore, the reciprocal approach of ordinating the environmental data and 
subsequently correlating the vegetation data provides a statistically valid analysis, albeit 
with an atypical approach. 
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Results and Discussion 
An ordination of the 12 plots representing Stations 1, 2, 6, and 8 resulted in two 
major explanatory axes (Fig. 4.3), with clusters of highly correlated species responding 
distinctly to each axis (Fig. 4.4). An ordination of the nine plots in the “upper 
fen"(excluding Station 6) again produced an ordination with two axes (Fig. 4.6); highly 
correlated species, however, appeared to be separated into three distinct groups (Fig. 
4.9). This chapter examines the relationships that exist between measured environmental 
factors and the vegetation patterns. 
Environmental Correlations in Species Space 
This discussion begins in species space, using the ordinations developed in 
Chapter 4 and examining the correlations that environmental data have with the resulting 
axes. First, the analysis examines the environmental relationships across all 12 
vegetation study plots, and then it focuses on the 9 plots located in the upper fen. 
Twelve plots in species space 
Several environmental variables were found to have strong linear relationships to 
the 12-plot ordination structure (Table 5.2, Fig. 5.1). Most of these variables were 
related to hydrology or soil moisture factors. One of the strongest relationships 
(Pearson's r = 0.875) occurred with soil moisture (measured as mean soil matric 
potential at 15 cm during the growing season). This relationship was best expressed 
along Axis 1, which separates Station 6 from Station 8, and then from Stations 1 and 2 
collectively (Fig. 5.1). Exchangeable soil calcium and soil organic matter content also 
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Figure 5.1. Joint plot showing correlations between environmental variables 
and underlying 12-plot ordination in species space. Refer to Table 5.2 for an 
explanation of variable codes and actual correlation values. 
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corresponded well to Axis 1, although these correlations were somewhat weaker than the 
correlation seen for soil matric potential. The differences in soil moisture conditions 
detected by the ordination are seemingly slight ones. For instance, mean soil matric 
potential (T15mean) differed from -2.1 kPa (at Station 1), to -1.6 kPa (at Station 2). to - 
6.4 kPa (at Station 6), to -3.0 kPa (at Station 8). These values are all well below the - 
10.0 kPa threshold of “field capacity." Needless to say. available moisture was not 
limiting in any of these soils, but slight differences in aeration status did occur. (Refer to 
Chapter 2 for more detail relating to differences in hydrology among these stations.) 
Table 5.2. Correlation of environmental variables with 12-plot species ordination! 
Variable Variable 
Code+ 
Pearson's r Axis of 
Correlation 
Mean soil matric potential (at 15 cm) T15mean 0.875 1 
Median soil matric potential (at 15 
cm) 
T15med 0.788 1 
Weeks of saturation at 15 cm wksat 15 -0.799 1 
Weeks of continuous saturation 
(at 15-cm depth) 
contSAT -0.694 1 
Mean seasonal soil-water pH SW-pH -0.788 2 
Cation exchange capacity CEC 0.710 2 
Organic matter content of surface soils %OM -0.705 1 
Exchangeable soil calcium Ex-Ca -0.702 1 
Exchangeable soil iron not shown -0.613 2 
Exchangeable soil manganese not shown -0.598 2 
Mean seasonal soil-water calcium not shown -0.616 1 
f Refers to Fig. 5.1. 
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The only strong correlations seen for Axis 2 were for cation exchange capacity 
and mean (seasonal) soil-water pH. Exchangeable soil iron and manganese both tended 
to decrease along Axis 2, although these correlations are not as strong as the relationship 
measured for soil-water pH (Table 5.2). Although the differences in mean seasonal pH 
(range 6.57-6.77) are subtle across the site, the correlation of this variable to the 
underlying species ordination strongly inferred (R2 = 0.52) that the vegetation could 
indeed be responding to these differences. Despite the highly significant differences 
measured between the stations for many of the soil-water variables (see Chapter 2 and 
Table 5.4A, below), only pH correlated well with this community ordination pattern. 
By comparing the species correlation trends (Fig. 4.3) with the environmental 
correlation trends (Fig. 5.1), similarities in relationships with the underlying ordination 
can be identified. For instance, it is possible that Solidago patula (SOLPAT) is 
responding to an exchangeable soil calcium gradient on the site, whereas Thelypteris 
palustris (THELYP) is responding to a gradient in soil-water pH (Figs. 4.3 and 5.1). 
Given that the strongest correlations relate to soil moisture conditions, however, it is 
likely that the other environmental factors are subordinate in their effects on plant 
species distribution (at least with respect to this data set). Because Station 6 directly 
affected the strength and direction of the hydrologic gradients identified in the 
ordination, this analysis was rerun after eliminating Station 6 to discern if any other 
significant environmental gradients that were being masked by the presence of Station 6 
in the ordination might exist in the “upper fen”. 
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Nine plots in species space 
As discussed in Chapter 4, a nine-plot ordination of the “upper fen” revealed 
three groups of species that were strongly correlated to the two ordination axes. 
Referring to Fig. 4.8, Group A species were strongly correlated with Axis 2, Group B 
species were correlated with Axis 1, and Group C species were strongly correlated with 
both axes. By correlating the environmental data with these ordination scores, several 
interesting environmental trends can be identified (Fig. 5.2A). Numerous environmental 
variables are strongly correlated with the underlying species ordination (Table 5.3). 
Interestingly, these variables appear to be clustered in a pattern similar to that observed 
for the species data (Fig. 5.2B). Soil organic matter, exchangeable soil calcium and 
phosphorus, soil carbonates, and mean groundwater calcium are all strongly correlated 
(R2 > 0.55) with Axis 2 (like the species in Group A). Soil saturation (at 15 cm), surface 
ponding, soil-water ammonium, and soil-water pH are all strongly correlated (R2 > 0.45) 
with Axis 1 (like the species in Group B). Group C species follow a trend that is 
mirrored by soil pH, soil matric potential, DTPA-extractable iron, exchangeable soil 
manganese, and low soil-water calcium (seasonal minima and maxima). These variables 
show relationships to both ordination axes (Axis 1: R~ > 0.25; Axis 2: R~ > 0.40). 
This correlation analysis suggests that species such as Symplocarpus foetidus 
(SYMPLO), Juncus brachycephalus (JUNBRA), Senecio aureus (SENAUR), and Carex 
leptalea (CRXLEP) may be responding to gradients in groundwater calcium, in 
exchangeable soil calcium and phosphorus, or in both. Likewise, species such as C a) ex 
/lava (CRXFLA), Juncus tenuis (JUNTEN), Thelypteris palustris (THELYP), Viola sp. 
(VIOLA), Eupatorium perfoliatum (EUPPER), and Lycopus spp. (LYCOSP) may be 
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Figure 5.2A. Joint plot showing correlations between environmental variables 
and underlying nine-plot ordination in species space. R2 > 0.45 for all variables 
shown. Refer to Table 5.3 for an explanation of variable codes and actual 
correlation values. 
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Table 5,3. Correlation of environmental variables with nine-plot species ordinationf 
Variable Variable Code* Pearson's r Axis of 
Correlation 
Mean soil matric potential at 15 cm T15mean -0.737 2 
Median soil matric potential 
at 15 cm 
T15med -0.805 1 
Weeks of saturation at 15 cm wksatl5 0.799 1 
Weeks of ponding at surface wkpond 0.733 1 
DTPA extractable iron DTPA -0.712 1 
Exchangeable soil calcium Ex-Ca 0.755 2 
Exchangeable soil magnesium Ex-Mg 0.646 2 
Exchangeable soil manganese Ex-Mn -0.638 2 
Exchangeable soil phosphorus Ex-P 0.796 2 
Soil carbonates C03 0.774 2 
Soil pH soilPH 0.746 2 
Organic matter content of soil %OM 0.897 2 
Mean seasonal soil-water pH SW-pH 0.803 1 
Soil-water ammonium NH4 0.748 1 
Mean soil-water calcium SW-CA 0.811 2 
Soil-water calcium minima Ca-min 0.759 1 
Soil-water calcium maxima Ca-max 0.775 2 
f Corresponds with Figs. 5.2A and B. 
responding to gradients in surface saturation or ponding, soil-water pH, soil-water 
ammonium, or some combination of these factors (Fig. 4.9 versus Fig. 5.2B). Group C 
species, such as Carex granularis (CRXGRA), Acer rubrum (ACERRU), and Scirpus 
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Figure 5.2B. Environmental variables shown in clusters representing three 
possible site gradients to which species distribution may be related. 
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expressed on Axes 1 and 2, or they may be responding to separate gradients of soil pH, 
soil matric potential, extractable iron, exchangeable manganese, or soil-water calcium 
minima and maxima. 
In addition to looking at so-called gradient species, it is important to examine the 
relationship of the “indicator species” as well. These species did not exhibit gradually 
increasing abundance across the site, but instead displayed high fidelity to a particular 
station. It is possible that these species may be responding to some threshold level of one 
of the environmental variables relating to a particular axis. For instance, exchangeable 
soil calcium and phosphorus, and mean (seasonal) groundwater calcium levels correlate 
well to the ordination structure along Axis 2 (Fig. 5.2A). Much of the explanation tor 
Axis 2 stems from the high fidelity of Solidogo purshii and Equisetum fluviatile at 
Station 2 (Fig. 4.8). It is possible that these species are responding to some critical 
threshold in calcium or phosphorus that is exceeded at Station 2 but not in other 
locations on the site. A similar hypothesis can be generated for the indicator species at 
Station 8 (Fig. 4.8). This station had the lowest soil pH, the lowest minima and maxima 
for soil-water calcium, the highest soil matric potential (i.e., the greatest aeration), and 
the highest exchangeable manganese. It is possible that Anthoxanthum odoratum 
(ANTHOX), Juncus marginatus (JUNMAR), Spiranthes romanzofflana (SPIRAN), 
and/or Triadenum virginicum (TRIVIR) are responding to one or more ot these variables 
either directly or indirectly. It is also possible that although this concept ot an 
environmental threshold is accurate, this study may not have measured the variable(s) 
that are meaningful to the occurrence of these particular species. 
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Species Correlations in Environmental Space 
To assess the relationship of individual plant species distribution patterns to the 
environmental variables measured, it was necessary to ordinate the plots in 
environmental space and correlate the species abundance values with the resulting 
ordination scores. 
Twelve plots in environmental space 
The NMS program (autopilot setting) determined the structure of the 12-plot 
environmental data set to be best explained using a three-dimensional solution, and an 
ordination was generated using random numbers as the starting coordinates for the 
iterative solution (Fig. 5.3). Axis 1 (R2 = 0.373) separates the plots into 3 groupings. 
Plots at Station 8 are separated from those at Stations 1 and 6, which are in turn 
separated from those at Station 2. Axis 2 provides the greatest explanation of the data set 
(R2 = 0.443) and separates the plots at Station 6 from the rest. Axis 3 (not shown) has an 
R2 = 0.116 and separates the plots at Stations 1 and 6 from those at Stations 2 and 8. 
The ordination is explained largely by those environmental factors that varied 
significantly between the stations (Tables 5.4A and 5.4B). Hydrologic variables were 
more strongly correlated with the ordination than were soil and geochemistry variables 
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Figure 5.3. Ordination of 12 plots in environmental space. Axis 1: R" = 0.373, Axis 2: 
R2 = 0.443, Axis 3 (not shown): R2 = 0.116. X R“ = 0.931. 
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(Table 5.5; Fig. 5.4). Hydrologic and soil moisture variables provided most of the 
explanation for Axis 2 (which separated the plots at Station 6 from the rest of the site). 
Axis 3 (not shown) was explained largely by “weeks of surface ponding,” which 
separated Stations 1 and 6 from the nonponded plots at Stations 2 and 8. Axis 1 is 
explained by multiple gradients in soil chemistry and soil-water iron and calcium levels 
(Fig. 5.4). Variables that show the strongest linear response along the axes include 
exchangeable soil calcium, manganese, phosphorus, and potassium as well as soil-water 
calcium, alkalinity, and iron (Table 5.5). 
When species abundance values were correlated against the ordination scores, 
only a few strong relationships were apparent (Fig. 5.5, Table 5.6). Interestingly, most of 
these species are the so-called indicator species that occurred at only one set of plots. 
Indicator species along Axis 2 include Impatiens capensis (IMPAT), Lysimachia ciliata 
(LYSCIL), and Pilea pumila (PILEA) (all present at Station 6) and Solidago patula 
(SOLPAT) and Eleocharis sp. (ELEOCH) (which occurred everywhere except at Station 
6). These species could be responding to the hydrologic gradients detected by the 
ordination or to some other factors not measured in this study. 
Species that appear to be responding to the environmental gradients depicted 
along Axis 1 include Solidago purshii (SOLPUR) and Equisetum fluviatile (EQUFLU) 
(indicator species at Station 2) and Spiranthes romanzoffiana (SPIRAN), Anthoxanthum 
odoratum (ANTHOX), and Juncus marginatus (JUNMAR) (indicator species at Station 
8). These species may be responding to gradients in soil pH, exchangeable calcium. 
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Figure 5.4. Joint plot showing the relationship of explanatory variables to axes 
on underlying 12-plot ordination in environmental space. Refer to Table 5.5 for 
an explanation of variable codes and actual correlation values. 
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Table 5.5. Correlation of explanatory variables with 12-plot ordination in environmental 
spacet_ 
Variable Variable Code+ Pearson’s r Axis of 
Correlation 
Mean soil matric potential 
at 15-cm depth 
T15mean -0.968 2 
Median soil matric potential 
at 15-cm depth 
T15med -0.859 2 
Weeks of saturation at 15 cm wksatl5 0.829 2 
Weeks of ponding at surface not shown 0.871 3 
Weeks of continuous saturation 
at 15-cm depth 
contSAT 0.887 2 
DTPA extractable iron DTPA -0.754 1 
Exchangeable soil calcium Ex-Ca 0.663 1 
Exchangeable soil manganese Ex-Mn -0.703 1 
Exchangeable soil potassium Ex-K 0.802 1 
Exchangeable soil phosphorus Ex-P 0.805 1 
Organic matter content of soil %OM 0.640 2 
Soil pH soilPH 0.872 1 
Mean seasonal soil-water pH not shown 0.614 j 
Mean soil-water calcium SW-CA 0.731 1 
Soil-water calcium minima Ca-min 0.649 1 
Soil-water calcium maxima Ca-max 0.857 1 
Soil-water alkalinity Aik 0.696 1 
Soil-water magnesium SW-Mg -0.639 2 
Mean soil-water iron SW-Fe 0.786 1 
Maximum soil-water iron Fe-max 0.739 1 
f Corresponds with Fig. 5.4. 
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SOLPAT 
Figure 5.5. Joint plot showing the relationship of species distribution patterns 
to underlying 12-plot ordination in environmental space. R2> 0.50 for all 
species shown. Refer to Table 5.6 for an explanation of species codes and 
actual correlation values. 
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Table 5.6. Species correlations with 12-plot ordination in environmental space! 
Species Species Code+ Pearson’s r Axis of 
Correlation 
Alisma subcordatum not shown 0.746 * 3 
Anthoxanthum odoratum ANTHOX - 0.744 * 1 
Boehmeria cylindrica BOECYL - 0.724 * 2 
Carex flava not shown - 0.774 3 
Car ex normal is CRXNOR - 0.728 * 2 
Eleo char is sp. ELEOCH 0.861 2 
Equisetum fluviatile EQUFLU 0.724 * 1 
Eupatorium maculatum EUPMAC -0.815 * 2 
Galium trifidum GALTRI - 0.729 * 1 
Glyceria striata GLYSP2 0.710 * 2 
Glyceria sp. (Unknown 3) GLYSP3 - 0.839 * 2 
Impatiens capensis IMPAT - 0.792 2 
Juncus marginatus JUNMAR -0.765 * 1 
Leersia oryzoides not shown 0.799 3 
Lycopus spp. not shown 0.825 
n J 
Lysimachia ciliata LYSCIL -0.861 2 
Nasturtium officinale NASOFF - 0.728 * 2 
Oxalis strict a OXALIS -0.811 1 
Pilea pumila PILEA - 0.797 * 2 
Potentilla canadensis POTCAN - 0.729 * 1 
Ranunculus septentrionalis RANSEP - 0.792 1 
Sagittaria latifolia not shown 0.825 3 
Scirpus atrovirens SCIRAT -0.817 1 
Solidago pa tula SOLPAT 0.858 2 
Table continued. 
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Table 5.6 continued. 
Species Species Code+ Pearson’s r Axis of 
Correlation 
Solidago purshii SOLPUR 0.724 * 1 
Spiranthes romanzoffiana SPIRAN - 0.809 * 1 
Viola sp. Not shown 0.748 
fCorresponds to Fig.5.5. 
* Denotes “indicator” species response. 
phosphorus, and potassium, and/or to gradients in soil-water iron and calcium, all of 
which are strongly expressed along this axis. 
Nine plots in environmental space 
Once again, it seemed prudent to eliminate Station 6 from the ordination to 
determine if other more subtle geochemical gradients existed in the upper fen. The NMS 
program (autopilot setting) determined that two dimensions were appropriate for this 
nine-plot data set. Coordinates from a Bray-Curtis ordination of this data set were used 
as the starting coordinates for the NMS two-dimensional solution presented (Fig. 5.6). 
Most of the explanation for the ordination is contained in the first axis (R- = 81.5%), 
with Axis 2 explaining very little of the data set (R2 = 8.7%). Axis 1 clearly separates all 
three stations, whereas Axis 2 clusters Stations 2 and 8, separating them trom the plots at 
Station 1. The high explanatory value of Axis 1 is clearly due to the numerous strong 
correlations of the underlying data (Table 5.7). Although soil matric potential is 
expressed along this axis, most explanation appears to be derived trom ditterences in 
exchangeable soil nutrients, soil pH, and soil-water iron and calcium. The only variables 
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Figure 5.6. Ordination of nine plots from the “upper fen" in environmental 
space. Axis 1: R~ = 0.815, Axis 2: R“ = 0.087. ZR" = 0.902. 
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Table 5.7. Correlation of explanatory variables with nine-plot ordination in 
environmental spacef_ 
Variable Variable Code1 Pearson’s r Axis of 
Correlation 
Mean soil matric potential 
at 15-cm depth 
T15mean -0.907 1 
Median soil matric potential 
at 15-cm depth 
T15med -0.881 1 
Weeks of saturation at 15 cm wksatl5 0.861 2 
Weeks of ponding at surface wkpond 0.921 2 
DTPA extractable iron DTPA -0.815 1 
Exchangeable soil calcium Ex-Ca 0.875 1 
Exchangeable soil manganese Ex-Mn -0.815 1 
Exchangeable soil potassium Ex-K 0.818 1 
Exchangeable soil phosphorus Ex-P 0.837 1 
Organic matter content of soil %OM 0.713 1 
Cation exchange capacity of soil CEC -0.728 2 
Soil pH soilPH 0.882 1 
Mean soil-water calcium SW-CA 0.777 1 
Soil-water calcium minima Ca-min 0.680 1 
Soil-water calcium maxima Ca-max 0.852 1 
Soil-water alkalinity Aik 0.682 1 
Soil-water manganese SW-Mn 0.828 2 
Mean soil-water iron SW-Fe 0.856 1 
Maximum soil-water iron Fe-max 0.803 1 
Soil-water ammonium NH4 0.696 2 
t Corresponds with Fig. 5.7. 
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expressed along Axis 2 are duration of soil saturation (at 15 cm), duration of surface 
ponding, and soil-water manganese (Fig. 5.7). 
Correlations of the vegetation cover data with this ordination in environmental 
space are very interesting. Many species are strongly correlated (R: > 0.65) with the 
underlying ordination (Table 5.8, Fig. 5.8). Some of these species appear to be gradient 
species, whereas others respond as indicator species. Species that exhibit a strong linear 
response along Axis 1 include Taraxacum officinalis (TARAX), Scirpus atrovirens 
(SCIRAT), Ranunculus septentrionalis (RANSEP), Polygonum sagitattum (PLYSAG), 
Oxalis stricta (OXALIS), Aster latifolia (ASTLAT), and Selaginella apoda (SELAG) 
(Fig. 5.8). Interestingly, all these species are most abundant at Station 8, exhibiting a 
decrease in abundance at Station 1, and a further decrease at Station 2. From this 
analysis it is not known whether these species have responded positively to an increase 
in exchangeable manganese or an increase in soil aeration (i.e., an increase in soil matric 
potential), or whether these species are exhibiting a negative response to increasing soil 
pH. exchangeable soil calcium, phosphorus, or potassium or to increasing levels of soil- 
water calcium and/or iron. One, none, or any combination of these factors may exist. 
Although Axis 2 provides little information with respect to the underlying 
ordination, its correlation with species abundance data has a very interesting 
interpretation. Several species show a strong linear relationship with the gradient(s) 
expressed along Axis 2 (Fig. 5.8, Table 5.8). Even more interesting than this axial 
relationship is the near total lack of correlation that these species have with Axis 1. In 
other words, these species appear to be nonselective with respect to the numerous soil 
and groundwater gradients expressed along Axis 1. Sagittaria latifolia (SAGLAT), 
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Figure 5.7. Joint plot showing relationship of explanatory variables to underlying 
nine-plot ordination in environmental space. R2 > 0.45 for all variables shown. 
Refer to Table 5.7 for an explanation of variable codes and actual correlation 
values. 
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Figure 5.8. Joint plot showing relationship between distribution patterns of 
“gradient” species to underlying nine-plot ordination in environmental space. 
R2 > 0.60 for all species shown. Refer to Table 5.8 for an explanation of species 
codes and actual correlation values. 
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Table 5.8. Species correlations with nine-plot ordination in environmental spacet 
Species Species Code+ Pearson’s r Axis of Correlation 
Acer rubrum ACERRU -0.753 1 
Alisma subcordatum ALISMA 0.831 * 2 
Anthoxanthum odor at um ANTHOX -0.804 * 1 
Aster latifolia ASTLAT -0.828 1 
Carex flava CRXFLA -0.834 2 
Carex granularis CRXGRA -0.728 1 
Equisetum arvense EQUARV -0.799 1 
Equisetum fluviatile EQUFLU 0.793 * 1 
Juncus marginatus JUNMAR -0.820 * 1 
Leersia oryzoides LEERSI 0.828 2 
Lobelia kalmii LOBKAL -0.766 2 
Lycopus spp. LYCOSP 0.876 2 
Lysimachia ciliata LYSCIL -0.781 2 
Lysimachia terrestris LYSTER 0.937 * 2 
Oxalis strict a OXALIS -0.847 1 
Polygonum sagittatum PLYSAG -0.832 1 
Ranunculus septentrionalis RANSEP -0.851 * 1 
Sagittaria latifolia SAGLAT 0.901 2 
Selaginella apoda SELAPO -0.810 1 
Scirpus atrovirens SCIRAT -0.849 1 
Soli dago purshii SOLPUR 0.796 * 1 
Spiranthes romanzoffiana SPIRAN -0.867 * 1 
Taraxacum officinale TARAX -0.890 1 
Thelypteris palustris THELYP -0.806 2 
Viola sp. VIOLA 0.778 2 
tCorresponds to Figs. 5.8 and 5.9. 
*Denotes “indicator” species response. 
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Lycopus spp. (LYCOSP), and Leersia oryzoides (LEERSI) were equally (albeit 
nominally) abundant at Stations 2 and 8, but increased in abundance at Station 1. If the 
underlying ordination is meaningful, these species may be responding to increased 
duration in surface saturation or ponding that occurred at Station 1 versus the other 
locations. By contrast, Thelypteris palustris (THELYP) and Carex flava (CRXFLA) are 
negatively correlated with Axis 2. These species are nearly absent from the plots at 
Station 1 and are equally abundant at Stations 2 and 8. They appear to be generalists that 
are tolerant of the entire range of soil chemistries represented between Stations 2 and 8. 
It is probable, however, that the absence of these species at Station 1 is related to the 
shallow ponding that occurred at Station 1, which may inhibit the establishment of these 
species in the early growing season. 
The response of several indicator species can also be evaluated (Fig. 5.9, Table 
5.8). Because these species are only present at a single station, the ordination cannot be 
used to discern “gradients” of response. It is possible that these species (either singly or 
in groups) are responding either positively or negatively to some threshold level of a 
given environmental variable (or a combination of variables). For instance, Lysimachia 
terrestris (LYSTER) is only found at Station 1 (Fig. 5.9). Although this species is 
commonly found in very wet conditions, it is not clear whether it requires this wetness 
or whether other species simply outcompete it under slightly drier conditions. 
Only at Station 2 can Solidago purshii (SOLPUR) be found. Although this 
species is a recognized calciphile, it is not clear whether there is some threshold level of 
dissolved or exchangeable calcium that is present at this station to which this species is 
199 
A
xi
s 
2 
LYSTER 
Figure 5.9. Joint plot showing relationship between distribution patterns of 
"indicator" species to underlying nine-plot ordination in environmental space. 
R~ > 0.50 for all species shown. Refer to Table 5.8 for an explanation of species 
codes and actual correlation values. 
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responding. Perhaps a combination of factors is involved, or perhaps this study has not 
even measured the variable that would explain the absence of this species at the other 
stations. 
Another indicator species of interest is Spiranthes romanzoffiana (SPIRAN) 
(found only at Station 8). This species is listed by the Massachusetts Natural Heritage 
and Endangered Species Program as “endangered,” and finding an explanation for its 
occurrence on the study site would have considerable significance to conservation 
biologists. Although the environmental conditions present at Station 8 can now be 
described in great detail, it is not clear from this analysis to what factors this particular 
species is responding. Soil matric potential is higher at Station 8; hence, there is greater 
root aeration (at least in the latter portion of the growing season). There is also a greater 
abundance of exchangeable manganese, a lower soil pH, and the lowest levels of 
dissolved and exchangeable calcium on the site. This species may be responding to one, 
none, or any combination of these factors. It is also possible that the lower soil pH at this 
station may be affecting other soil factors that were not measured in this study (e.g., 
bacterial populations, mycorrhizal associations). It could be some threshold or gradient 
in these related factors that has affected the distribution of some plant species. 
Analyses Summary 
The “reciprocal” approaches to the ordination analyses yielded consistent but not 
identical results. The clustering of the pseudoreplicate plots in species space was itself 
unremarkable (given the a priori grouping in the study design). The correlation of 
environmental data, however, suggested that differences in hydrology (and/or soil 
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moisture) explained the major differences between the vegetation found at Station 6 
versus the plots in the upper fen (Fig. 5.1). This conclusion is consistent with that of the 
reciprocal solution in environmental space (Fig. 5.4), where gradients in hydrology 
clearly explain the separation between plots at Station 6 versus the rest of the site. 
Although Station 6 is not identical in geochemistry to the other stations, these analyses 
clearly show that differences in station hydrology are more significant. 
The ordinations of the nine plots in the upper fen suggest that multiple 
environmental gradients exist within this relatively small area that likely influence 
species distribution patterns. Because many of these variables are highly correlated to 
one another, it is not possible to evaluate the effects of any individual variable in this 
type of analysis separately. For instance, exchangeable soil calcium and phosphorus, soil 
carbonates, mean soil-water calcium, and soil organic matter are all highly correlated 
with Axis 2 (Fig. 5.2B). These factors are also all highly correlated to one another. 
Although there clearly appears to be some environmental gradient to which the species 
in Group A (Fig. 4.9) are responding, it could be any one (or some combination) of the 
variables measured. Although it is possible that none of the measured variables is 
directly responsible for the observed species distribution patterns, it is reasonable to 
conclude that the responsible factor would itself be highly correlated with one of the 
variables that was measured in this analysis. 
There was at least one noteworthy difference between the results of the two 
ordination approaches. When ordinated in environmental space, soil-water calcium 
variables tended to follow the same explanatory pattern along Axis 1 (Fig. 5.7). When 
these data were simply correlated with the species distribution patterns (in species 
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space), however, these variables correlated with different axes. Mean groundwater 
calcium was strongly correlated with Axis 2 (Fig. 5.2B), but seasonal minima and 
maxima calcium levels correlated more strongly with Axis 1 (Fig. 5.2B). This 
correlation suggests that certain species may be responding not simply to a calcium 
gradient, but rather to some threshold of calcium above which some species thrive and 
others may not. This effect may be the result of some species responding not simply to 
the high levels of calcium, but rather to some optimum ratio of available nutrients. 
Related Literature 
The basic correlation between vegetation and element content in mire waters has 
been well studied (Sjors 1952, Jeglum 1971, Vitt et al. 1975, Slack et al. 1980, Sims et 
al. 1982, Karlin and Bliss 1984, Chee and Vitt 1989, Vitt and Chee 1990). Much of this 
work, however, has been in the context of contrasting and comparing relatively large fen 
systems along the “poor-rich'’ minerotrophic gradient within a particular geographic 
regional. Little work has been conducted to examine these relationships within a single 
fen system (Boyer and Wheeler 1989, Glaser et al. 1990). 
Motzkin (1994) had a regional approach when he classified the calcareous fen 
communities in New England and adjacent New York State. This study ol 24 fens 
measured several soil and water parameters whose gradients could be related to the 
occurrence of the three resulting vegetation groupings. When Motzkin ordinated the 
environmental variables for his 55 releves, he found that the releves representing the 
three vegetation groups separated along gradients for depth of organic sediments, pH, 
and degree of decomposition of organics. Even so, these gradients accounted for only 
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25% of the total variability in the vegetation, with depth to mineral soil being the only 
variable that varied significantly between the three groups. Group III wetlands (which 
best correspond to the Sheffield, Massachusetts, study site) had the shallowest organic 
sediments (~20 cm deep) as compared with Groups I and II having 200+ and 100-200 
cm, respectively. Measurements of surface water pH showed a range of circumneutral to 
alkaline conditions, with the highest alkaline values (6.9-8.1) occurring in Group III. 
Both these variables, as described for Group III, match the current study site very well. 
Motzkin’s study shows few, if any, meaningful differences between calcium (and 
magnesium) levels across the 55 releves measured (with a range of 8-65 mg Ca L'1). 
Motzkin, however, conducted very limited environmental sampling, with surface water 
samples collected only once from each releve location at different dates across the 
summer months. Based on observations made in the course of this dissertation research, 
it is likely that many more significant differences exist between the environmental 
characteristics of Motzkin’s different classification groupings. It is probable that 
sampling the substrate chemistry and/or groundwater chemistry in the spring season 
would reveal more differences between these communities. 
« 
Glaser et al. (1990) examined the relationship of environmental gradients to the 
vegetation associations found in a peatland complex in northern Minnesota. Five 
vegetation associations that corresponded to specific landform units were present: 
spring-fen channel, spring-fen forest, marginal swamp forest, water track, and raised 
bog. Each of these vegetation types was found to have a well-defined range of pH and 
calcium. Ordination of the plant data showed a close relationship between vegetation and 
both moisture and chemical gradients. Plots of species richness versus pH and calcium 
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concentration show a peak in species to occur in the rich fen range. These species- 
richness relationships occurred fairly consistently in both forested and nonforested 
communities. Richness, however, was clearly highest in those habitats offering some 
microtopographic relief. Vegetation patterns within the nonforested fens correlated well 
to differences in water pH and calcium content. Even though steep geochemical 
gradients were also measured within the forested fen communities, these variable species 
assemblages provided little evidence of the gradients in water chemistry known to exist. 
These results suggest that herbaceous vegetation associations may be more sensitive 
(i.e., more reflective in their composition) to gradients in geochemistry and substrate 
than are forested communities. 
Karlin and Bliss (1984) found that distributional patterns of plant species in 
weakly minerotrophic peatlands were due more to (small-scale) gradients in moisture 
(vertical microtopography) than to gradients in substrate chemistry, but that was not the 
case for strongly and moderately minerotrophic systems. In these cases, gradients in 
substrate chemistry strongly influenced plant species distribution. Karlin and Bliss 
(1984), however, noted the lack of existing documentation for North American peatland 
systems as to gradients in substrate chemistry, both within and among peatland systems. 
Boyer and Wheeler (1989) studied a rich fen seepage area in Sheffield, England, 
after observing distinct vegetation patterns along the seepage-ways. Low-growing 
(species-rich) vegetation was situated within and immediately adjacent to the seepage 
tracks, with less species rich, taller vegetation abruptly beginning a short distance from 
the seepage track. In this fine-scale study, the authors hypothesized that different levels 
of phosphorus were available to the adjacent communities. Concentration ol phosphorus 
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in the leaves of the “short fen” vegetation was found to be significantly lower than that 
found in the tissues of the “tall fen” vegetation. Although a common water source (the 
seep) fed both areas, surface waters in the “short fen” were found to have significantly 
higher pH and significantly lower Ca2\ HC03\ and soluble reactive phosphorus. X-ray 
diffraction analysis of the minerals in the rooting zone of the “short fen” revealed a 
prominence of calcite. These researchers hypothesized that P-availability was being 
controlled in this system by carbonate equilibrium relationships where degassing C02 at 
the springhead resulted in calcite precipitation with a concomitant adsorption of P. This 
study dramatically illustrates the potential for significant geochemical gradients to exist 
within a comparatively small area (particular in calcareous fens) and documents the 
difference these gradients can have on vegetation distribution. 
Conclusions 
Many environmental parameters varied significantly between the four stations in 
this study, and several correlated well with the plant species distribution patterns. When 
comparing all four stations, variables of soil moisture and saturation were highly 
correlated with the ordination based on species composition. At this scale of analysis, 
groundwater pH was one of the few water chemistry variables that correlated well with 
community patterns. This finding raises an interesting possibility that although simple 
measurements of pH, dissolved calcium, and alkalinity (for instance) may characterize 
the environment of a general vegetation association well, these factors do not necessarily 
account for the species distribution or community composition. The general premise ot 
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there being well-defined ranges in pH and groundwater calcium along the poor fen/rich 
fen gradient (Glaser et al. 1990) may only be valid at the coarsest level of classification. 
An analysis confined to the plots in the “upper fen” detected numerous gradients 
in soil chemistry (namely, pH and exchangeable calcium, phosphorus, iron, and 
manganese); and these gradients rivaled those for groundwater calcium and pH in their 
explanatory value. Three distinct variable groups were detected with gradients that 
correlated well with the distribution patterns of three corresponding species groups. It is 
reasonable to conclude that one (or some combination) of the environmental gradients 
detected has influenced the distribution of these associated species. 
Although this research may have too narrow a focus to provide any insight into 
minerotrophic gradients applicable to fen classification, it certainly demonstrates the 
importance of substrate chemistry in explaining the distribution of calcareous fen 
species. Also noteworthy is the potential importance (and explanatory value) of not only 
seasonal averages in geochemical parameters, but also of minimum and maximum 
seasonal values in the ordination/correlation analyses. This study reveals distinctly 
different gradients in the ordination for min/max values versus seasonal averages for 
groundwater calcium. This finding calls into question the conclusions of gradient 
analyses that use only a single water sample to characterize the geochemical 
environment of a particular wetland community. 
Vitt and Chee (1990) comment that it is often difficult to separate the effects of 
water chemistry from those of hydrology and the influence that has on ionic fluxes. 
Wassen et al. (1990) note that sites with similar water chemistries may support 
somewhat different plant communities as a result of different hydrotopographic 
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developments that control the flow rate and, indirectly, the amount of nutrients available. 
This study certainly illustrates the range and seasonality of several prominent ion fluxes 
occurring in one system. Maimer (1986) proposes that substrate chemistry may be a 
better analysis tool for fen vegetation study because it is less subject to seasonal 
variation than water chemistry. The present study supports the high explanatory value of 
substrate parameters and suggests that ionic fluxes may also be highly significant 
predictors of vegetation composition. 
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CHAPTER 6 
RESEARCH CONCLUSIONS 
Objectives Revisited 
The value of every dissertation should be judged not simply by the accuracy of 
the analyses or the reproducibility of its results, but rather by its unique contribution to 
the scientific body of knowledge in its particular field. Given this premise, this 
concluding chapter serves to answer the following questions: 
• What has been learned about the hydrogeochemical functioning of calcareous 
sloping fens in southern New England? What is unique about the hydrology of 
these systems? Which geochemical parameters have strong seasonal cycles? 
• What has been learned about sampling and monitoring these systems? What 
environmental parameters require repeated measures (throughout growing 
season) to describe system conditions accurately? What instrumentation is 
needed to monitor the hydrology in these systems accurately? 
• What is the nature of vegetation distribution within these systems? What patterns 
can be explained by environmental gradients? 
• What are the management implications of these findings? How might the 
answers to the aforelisted questions assist those individuals and conservation 
organizations that manage these systems? 
• Given what we have learned in this study, what additional questions have been 
raised? What future research is needed? 
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What has been learned about the hydrogeochemical functioning? 
This 3-year study of hydrology and geochemistry demonstrated the spatial and 
temporal variability of hydrogeochemistry within a calcareous sloping wetland system. 
Vertical groundwater flow gradients appear to explain many of the spatial differences 
measured; but the effects of in situ degassing/regassing, oxidation/reduction, and 
precipitation/redissolution reactions as well as mixing along lateral groundwater flow 
paths cannot be discounted. In contrast, temporal differences in geochemistry are clearly 
controlled by a two-phase seasonal hydrology cycle. The most striking aspect of this 
cycle is not that groundwater levels drop below the surface horizon in late summer, but 
rather that this horizon remains saturated (or nearly so) for the duration of the growing 
season by virtue of the textural discontinuity that exists between the surface horizon and 
the underlying stratum. 
It is important with this type of a sloping fen system to understand that (1) the 
surface horizon (i.e., rooting zone) is usually “effectively” saturated, even though wells 
will show the groundwater table much lower; and (2) although continuously saturated, 
the source of the water is different in each of the two hydrology phases, and thus 
significant differences in geochemistry can result across the growing season. The former 
phase is dominated by regional groundwater influences, and the latter phase is controlled 
by precipitation inputs and their dilution/dissolution effects within the immediate soil 
environment. In the early spring, high watertables are fed by vertically discharging 
calcium-rich groundwater. Total iron levels are high and phosphorus is low. As 
watertables drop in early to midsummer, geochemistry controls shift towards the 
establishment of in situ equilibria, with precipitation inputs tending to dilute (and/or 
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redissolve) precipitated soil constituents. Most surface soils across the site remain 
saturated as a result of precipitation inputs and the abrupt textural discontinuity, which 
separates the mucky loam surface materials from the coarse glaciofluvial outwash 
substratum. During this second hydrology phase, acidity levels increase within the soil 
solution, calcium and iron levels diminish, sulfate increases dramatically, and 
phosphorus becomes measurable. 
Geochemical constituents that exhibited the greatest seasonal fluctuation include 
pH, calcium, iron, manganese, alkalinity, and sulfate. These seasonal differences were 
muted in 1996, when groundwater levels remained at the surface for nearly all the 
growing season, although spatial differences were still apparent. 
What has been learned about sampling and monitoring these systems? 
This study clearly documents the limitations of using wells and/or deep 
piezometers to monitor hydrologic conditions within the surface horizon of these 
systems. When a textural discontinuity exists within the soil profile, it is important to 
use nested piezometers to monitor the head within each stratum. In this study, the 
shallowly installed tensiometers were in fact functioning as nested piezometers. This 
study demonstrates the importance of using tensiometers and redox probes in wetland 
hydrology research and suggests that large errors (or misinterpretations regarding site 
hydrology) can result without this instrumentation. If this study had relied solely on 
wells for its hydrologic information, there would have been no evidence of the soil 
moisture gradients that appear to explain much of the variability in the vegetation 
distribution on the site. Likewise, the dominance of obligate and facultative wetland 
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species on the site would seem incongruous with the persistently low water-table levels 
measured for much of the summer. 
To describe the geochemistry of the system accurately, it also appears important 
to collect water samples at specific times during the growing season. This study 
documents that many geochemical parameters will yield significantly different results 
when sampled in May versus August, for instance. This finding is particularly true for 
calcium and iron. Whether these differences are ecologically significant remains to be 
seen, but this question will never be answered unless future studies account for these 
expected differences and collect multiple samples throughout the growing season. 
What is the nature of vegetation distribution within these systems ? 
This study is the first to document the fine-scale patch dynamics of a calcareous 
sloping fen community. High species richness and turnover were measured across the 
site, with multiple indicator species identified for each sampling station. Although high 
species richness appears characteristic of these systems, this site’s comparatively high 
richness levels may be explained by a moderate standing crop maintained through a 
regular grazing program combined with microtopographic heterogeneity created by the 
cattle’s trampling. High species turnover among the sampling stations suggests 
landscape heterogeneity, where species are gradually replaced along multiple 
environmental site gradients. Ordination results support this conclusion insofar as highly 
correlated linear distribution patterns were observed for numerous species. 
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What vegetation patterns can be explained by environmental gradients? 
Many environmental parameters varied significantly between the tour stations 
selected for this vegetation study, and several of them correlated well with the plant 
species distribution patterns. When comparing all four stations, variables of soil 
moisture and saturation were highly correlated with the ordination, based on species 
composition. At this scale of analysis, groundwater pH was one of the few water 
chemistry variables that correlated well with community patterns. 
An analysis confined to the plots in the “upper fen” detected numerous gradients 
in soil chemistry (namely, pH and exchangeable calcium, phosphorus, iron, and 
manganese); and these gradients rivaled those for soil-water calcium and pH in their 
explanatory value. Three distinct variable groups were detected with gradients that 
correlated well with the distribution patterns of three corresponding species groups. It is 
reasonable to conclude that one (or some combination) of the environmental gradients 
detected has influenced the distribution of these associated species. 
Species such as Car ex leptalea and Juncus brachycephalus appear to be 
responding positively to gradient(s) in soil-water calcium and alkalinity or to gradients in 
exchangeable soil calcium and/or phosphorus. Other species appear to have no relation 
with these same variables. Species such as Carexflava and Thelypteris palustris show 
no relationship with calcium factors, but are instead negatively correlated with duration 
of soil saturation and mean seasonal soil-water pH and ammonium. Still other species 
(such as Scirpus atrovirens, Carex granularis, and Taraxacum officinalis) show strong 
correlations with low soil pH and low seasonal minima and maxima for dissolved 
calcium. Indicator species (exhibiting fidelity to a single sampling station) can also be 
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related to measured environmental factors in this study. Solidago purshii, a recognized 
calciphile, is highly correlated with both dissolved and exchangeable soil calcium. The 
absence of this species, however, at other stations suggests, that it may be responding to 
some threshold of calcium that is exceeded at Station 2. The exact nature of these 
suspected species-environment relationships can only be answered with further research. 
This research demonstrates the potential importance of substrate chemistry in 
explaining the distribution of calcareous fen species. Also noteworthy is the potential 
importance (and explanatory value) of not only seasonal averages in geochemical 
parameters, but of minimum and maximum seasonal values in the ordination/correlation 
analyses. This study revealed distinctly different gradients in the ordination for minimum 
and maximum values versus seasonal averages for dissolved calcium. This finding calls 
into question the conclusions of gradient analyses that use only a single water sample to 
characterize the geochemical environment of a particular wetland community. 
What are the management implications of these findings? 
The Nature Conservancy, a private nonprofit conservation organization, has been 
quite active in its efforts to acquire, manage, and otherwise conserve the unique base- 
rich natural communities of the Berkshire-Taconic region. It is my hope that this 
research will greatly enhance the abilities of The Nature Conservancy (and other 
organizations with similar goals) to manage and conserve the calcareous sloping 
wetlands within southern New England. 
I foresee this research to be valuable in several ways. It is the first study of its 
kind. No published work has examined the hydrology and geochemistry in a calcareous 
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sloping wetland system across an entire growing season (much less the three seasons 
studied here). No other study has examined the relationship between hydrology, soils, 
geochemistry, and vegetation at the scale used in this study. This work provides an 
important baseline for any future research in these systems, and I believe that 
implementation of my recommendations regarding appropriate instrumentation and 
repeated seasonal sampling will add value to any future research. 
Although my gradient analysis cannot conclusively determine which specific 
environmental factors are responsible for a particular species’ occurrence or distribution, 
my findings do provide a great deal of detail regarding the general soil and ionic habitat 
for particular species and community assemblages. This information could be used by 
conservation organizations to target specific sites for habitat restoration, species 
reintroduction, or both. Although it is not practicable to manipulate the geochemical 
environment itself, it is likely that numerous sites with appropriate geochemistry that 
would support similar species-rich plant communities, given the right combination of 
other environmental factors, exist within the region. Experimentation with limited 
deforestation, introduction of livestock grazing, or the removal of fill from previously 
developed sites would be a worthwhile exercise to promote the (re)establishment of a 
similar fen meadow community. 
Perhaps the greatest contribution provided by this research is a better 
understanding of the complex hydrology of a calcareous sloping ten system. These 
findings suggest that it is important to maintain both the quantity and (ionic) qualitv of 
the regional groundwater that drives the system early in the growing season. Conversely, 
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this research suggests that the ionic balance of this system could be vulnerable to 
external perturbations during the summer drawdown period. 
These wetlands harbor numerous rare and endangered species, and great care 
should be taken to ensure that the calcium-rich groundwaters remain in sufficient supply. 
Conservation efforts would benefit from future studies to identify specific groundwater 
flow paths and associated recharge areas in the surrounding uplands. Preservation of 
these areas in an undeveloped condition may be critical to ensuring an adequate supply 
of calcium-rich groundwater discharge, which is especially critical given the 
noncalcareous nature of the surficial deposits on the site. Although direct precipitation 
inputs may be important elements in maintaining saturation of the rooting substrate 
during the summer months, these inputs only serve to dilute the latent base ionic content 
of the soil solution. A decrease in groundwater discharge, combined with an increase in 
precipitation inputs, could have serious effects on site geochemistry and resulting 
vegetation composition. A detailed hydrological-geochemical model would be needed to 
quantify and predict the critical threshold of water mixing that would result in a 
suboptimal level of base nutrients for this system. Even without such a model, however, 
some qualitative suggestions and observations can be made. 
Because the maintenance of base-rich seasonal groundwater flows is critical to 
this system, it would be beneficial to identify both the watershed and aquifer recharge 
zones for each sloping fen system and target these areas for conservation and/or limited 
development. For management purposes, a vegetated buffer zone should be established 
up-gradient of these sloping wetlands within which the use of fertilizers and other salts is 
banned. I hypothesize that this zone is of critical importance during the summer months. 
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when surface precipitation and runoff provide the dominant hydrologic inputs. These 
measures may not be practical in all situations, but sites that are extremely species-rich 
or that harbor threatened or endangered species should be targeted for these added 
protections. 
It is also worth noting that acid precipitation and deposition can be potentially 
quite deleterious to this system, especially during the drawdown period of late summer. 
If the winter/spring season had been droughty (and base flows were consequently 
reduced and water tables lowered prematurely), the ionic effects of acid precipitation 
would be magnified within the soil chemical environment. Given the high base 
saturation state of the soils today, the effects of such precipitation would probably not be 
immediate. If base cations were not replenished through restored (and sustained) 
groundwater flows, however, soil pH would eventually drop, with a resulting reduction 
in the availability of many essential plant nutrients. 
What future research is needed? 
Additional detailed studies that examine the hydrogeochemistry of these 
calcareous wetland systems at a landscape scale are needed. This study raised interesting 
questions about vertical groundwater gradients and the potential existence of multiple 
groundwater sources on the study site. To provide better answers to this question, 
additional piezometers installed up-gradient of the site and also at greater depths across 
the study site would be useful. In addition to obtaining head measurements, these 
instruments could be used to obtain water samples for chemical analysis. Perhaps there 
is only one groundwater source for the site but the chemistry is differentially altered 
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within the soil profiles at the various sampling stations along the transect. A comparison 
of the water chemistries from deep piezometers spaced along the transect would help 
answer this question. 
It would also be useful to determine if this same two-phase hydrology pattern is 
active at other calcareous sloping wetlands in the region. Surficial geology maps indicate 
the prevalence of coarse glaciofluvial materials throughout the lowland and valley 
portions of the Berkshire Mountain region, and land managers attest that the soil 
stratigraphy on the study site is typical for the region (Lowenstein pers. comm.). 
Additional calcareous sloping wetland study sites are needed to determine if 
groundwater levels drop below the surface horizon during late summer months, thereby 
indicating the presence of a similar two-phase seasonal hydrology cycle. 
It would also be beneficial to discover whether there were any significant 
changes in soil chemistry throughout the year. I hypothesize that few, if any, significant 
temporal differences exist, with the exception perhaps of precipitated carbonates. I 
expect the soil carbonates to diminish gradually during the late summer and early fall as 
precipitation inputs dissolved and transported these salts out of the surface horizon. 
Given the high base saturation (> 90%) present at most stations, measurable changes in 
soil pH would not be expected across the year. Stations 5 and 8 had base saturation 
levels around 70%, and it would be interesting to see if there were any measurable 
differences in chemistry at these stations throughout the year. A finding of no significant 
temporal differences would indicate that substrate sampling could occur at any time 
during the year. And unlike water chemistry, repeated seasonal sampling would not be 
required to characterize the substrate environment accurately. 
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From a management perspective, it would also be useful to collect additional 
evidence to define better the relationships between the geochemistry and soil 
“requirements” of certain vegetative species across the region. Additional field sites 
could be selected based on the presence of one or more gradient or indicator species (as 
identified in this study) and on water samples collected once monthly throughout the 
growing season and analyzed for pH, calcium, phosphorus, ammonium, and iron (i.e., 
parameters shown to be important in the original gradient analysis). These data, 
combined with information collected for soil pH and exchangeable nutrients, could be 
added to the ordination matrix to determine if the same species-environment correlation 
relationships were present across the region as those measured tor this study site. I 
would also include plant tissue analysis in any future studies to provide definitive 
evidence of specific plant species response to particular nutrient levels, for instance, the 
ordinations in this study suggest that some threshold of calcium is responsible tor the 
occurrence of Solidago purshii at Station 2. It would be interesting to analyze the tissue 
calcium and phosphorus levels for several plant species at the different stations on this 
transect. Higher levels of calcium in the tissues of plants at Station 2 would provide 
conclusive evidence of the effects of this environmental site gradient on particular 
species’ distribution. 
This type of sloping fen system appears quite limited in distribution and may in 
fact be unique to this region. I would like to know il that is true. Although many of the 
individual species have been found to occur in calcareous (or base-rich) fens in other 
regions, these particular species assemblages have not been described outside the greater 
New England region. Based on the findings in this study, I hypothesize that these 
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communities are responding to a unique combination of the bedrock/aquifer geology, 
surficial geology, disturbance history, and climate found in this region. Although the 
distribution of calcareous fens is certainly widespread geographically, I believe that it 
would be unusual to find a sloping fen outside this region having a similar two-phase 
hydrology supported significantly by precipitation inputs. The abrupt textural 
discontinuity created by the muck(y) surface horizon overlying coarse glaciofluvial 
substrata results in the retention of precipitation inputs within the surface horizon, 
which in turn results in near-saturation (and anaerobiosis) throughout the summer 
months. This anaerobic condition further promotes the accumulation of organic material 
within the surface horizon, which in turn maintains the textural discontinuity between 
the horizons. I would like to confirm whether this soil stratigraphy and two-phase 
hydrology is “typical” for sloping calcareous fens in the region and would be interested 
to learn if there are any other geographic locales with sloping fens that exhibit similar 
hydrologic behavior. 
Summary of Conclusions 
Chapter 1 introduced the specific objectives of this study. These objectives are 
listed below, each followed by my conclusions, in bullet form. 
Objective 1: To provide a baseline of temporal and spatial hydrological and 
geochemical patterns within a calcareous sloping wetland system by monitoring 
hydrology and other field parameters biweekly across three growing seasons and 
analyzing multiple geochemical parameters on at least a monthly basis during 
this same study period. 
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Objective 1 Conclusions 
• Seasonal hydrologic patterns were relatively similar across the site, with 
high groundwater evidenced in spring and early summer, followed by a 
dramatic drawdown in mid- to late July, followed by a water-table 
rebound to surface levels in autumn. 
• Although the free watertable was observed to drop well below the surface 
horizon in summer, this horizon remained nearly saturated and 
chemically reduced continuously throughout the growing season at most 
stations. 
• Numerous significant differences were observed in geochemistry, both 
temporally and spatially, with Ca, Mg, Fe, and Mn expressing the most 
variability. 
• The two-phase seasonal hydrologic cycle explains much of the temporal 
variability in geochemistry, with geochemistry controlled largely by 
regional aquifer chemistry and groundwater inputs early in the growing 
season and an in situ soil-water equilibrium developing in midsummer 
after water-table levels have dropped below the surface. 
Objective 2: To describe soil morphology along the study transect and determine 
where statistically significant differences existed and to analyze relationships 
between soil morphology and multiple hydrogeochemical variables. 
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Objective 2 Conclusions 
• Soil profiles were similar with respect to parent material and stratigraphy 
for most of the site. Surface horizons consisted of sapric materials or 
mucky loams that were overlying a coarse glaciofluvial substratum. 
• The textural discontinuity existing between the surface horizon and the 
underlying stratum provide the physical setting for a “hanging” watertable 
to exist within the surfaced horizon in the summer months, after the 
groundwater has dropped below this depth. 
• Significant differences were measured among the stations for several 
surface horizon properties, including organic matter content, cation 
exchange capacity, exchangeable calcium, magnesium, and phosphorus, 
as well as biologically available iron. 
• Many measured differences in soil chemical properties can be related to 
differences in site hydrology (including potential groundwater sources 
and vertical gradients in the spring season) as well as differing 
redissolution environments in the summer months. 
Objective 3: To provide a detailed floristic analysis of vegetation associations 
across the project site and to identify those species that were well distributed 
across the site and whose distribution appeared to be responding to some 
“gradient” in the environment. 
Objective 3 Conclusions 
• High species richness and turnover were measured across the site. More 
than 130 species were identified within the 180-m2 area sampled. Only a 
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third of these species occurred in at least six of the twelve 15-m2 plots 
sampled. 
» Based on an ordination analysis, 29 species that exhibited linear 
distribution patterns and appeared to be responding to underlying 
environmental gradients across the site were identified. 
• Two to eight indicator species were identified for each sampling station. 
These species displayed preferential occurrence at a single sampling 
station as evaluated by a combined measure of frequency and cover. 
Objective 4: To relate changes in vegetation community patterns to measured 
differences in multiple soil, hydrological, and geochemical parameters. 
• When looking at all four vegetation sampling stations across the site, 
variables of soil moisture and duration of surface saturation were highly 
correlated with vegetation community distribution patterns. Station 6 
experienced the “driest” soil conditions and was strongly separated from 
the other stations in the ordination. 
. After eliminating Station 6 from the analysis, strong gradients in soil 
chemistry were apparent between the three remaining stations. Soil pH 
and the exchangeable elements Ca, Mg, Fe, Mn, and P were all highh 
correlated with the ordination generated using species abundance data. 
Soil-water pH and dissolved calcium also had high explanatory value. 
. Species such as Solidago purshii, Juncus brachycephalus. and Corex 
leptalea (all abundant at Station 2) appeared to be responding to 
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increasing gradients in soil phosphorus, soil calcium, and dissolved 
calcium. 
• The distribution patterns of species such as Carex/lava, Thelypteris 
palustris, Lobelia kalmii, and Parnassia glauca (all abundant at Station 8 
and absent-or nearly so-at Station 1) are negatively correlated with the 
duration of soil saturation and soil-water pH and appear unaffected by 
differing calcium levels within the upper fen area. 
• Species such as Juncus tenuis, Carex granularis, and Scirpus atrovirens 
(all most abundant at Station 8) appear to prefer relatively drier soil 
conditions, higher soil manganese levels, and lower soil pH. 
• This detailed geochemical gradient analysis provides valuable 
information for conservation managers seeking to identify areas for future 
conservation, preservation, or restoration efforts. 
In conclusion, this study met its objectives. 
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APPENDIX A 
PHOTOGRAPHS OF RESEARCH SITE 
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Figure A.l. View of vegetation community at Station 1, located at top of transect. 
Figure A.2. View of vegetation community and instrumentation clusters at Station 3. 
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Figure A.3. View of vegetation at 
Station 2, looking upgradient 
toward Station 1. 
Figure A.4. Close-up view of 
instrumentation cluster. 
228 
Figure A.5. View of vegetation 
community at Station 8, located 
upper portion of transect. 
in 
Figure A.6. View of 
vegetation community and 
instrumentation clusters at 
Station 5, located in lower 
portion of transect. 
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Figure A. 7. View of vegetation community at Station 6, located near the bottom of the 
transect. 
Figure A.8. View of vegetation community at Station 7 (midground of photo), located 
at the extreme bottom of the transect in the floodplain of Schenob Brook. 
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APPENDIX B 
SURFACE WATER CHEMISTRY IN CENTRAL ALBERTA FENS 
231 
Table B.l. Surface water chemistry in central Alberta fens f 
Component Season Mean Std. Dev. P=.05t 
Calcium (mg/L) Spring 19.50 20.50 N.s. 
Fall 22.10 20.30 
Magnesium (mg/L) Spring 4.26 3.58 Spring < Fall 
Fall 5.27 4.93 
Potassium (mg/L) Spring 1.60 1.42 N.s. 
Fall 1.70 3.21 
Iron (mg/L) Spring 0.20 0.24 Spring < Fall 
Fall 0.49 0.58 
Phosphorus 
(mg/L) 
Spring 0.12 0.30 N.s. 
Fall 0.05 0.14 
Ammonium (pg/L) Spring 16.8 15.3 Spring < Fall 
Fall 88.9 114.0 
pH Spring 6.70 0.37 Spring > Fall 
Fall 6.18 0.41 
Conductivity (pS) Spring 67.5 43.7 N.s. 
Fall 69.8 47.5 
t Taken from Chee and Vitt (1989). 
J Significance based upon Wilcoxon's matched pair rank sum test. 
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APPENDIX C 
SOIL MATRIC POTENTIAL DATA FOR 30-CM DEPTH 
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SOIL-WATER TOTAL IRON DATA 
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. ir.e J 1 Comparison o: dissolved organic carbon in soil-water. 
Sian on 1997 
-mg C L - 
Mean'*’ Seasonal 
range 
1 4.5 b 2.5 -6.4 
7.1 b 2.1-33.9 
7.1 b 2.0 - 40.7 
5 6.7 b 2.8- 12.0 
6 6.7 b 2.1 - 17.2 
7 17.0 a 4.2 - 64.7 
8 3.2 b 1.8 -5.3 
^Means followed by the same letter are not significantly different according to 
Duncan's New Multiple Range test (p < 0.05). 
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Table K.l. Comparison of chloride in soil-water. 
Station 1996 
mn Pf I 111 L, v_x 1 L j — — ———— — 
Meant Seasonal 
rangej 
1 36.9 b 9.5 - 62.5 
2 40.8 b 4.3-60.3 
J 50.1 a 4.8-78.5 
5 17.6 cd 3.0-71.5 
6 22.9 c 2.4 - 46.4 
7 13.4 d 1.6-27.8 
8 12.7 d 0.5-30.4 
fMeans followed by the same letter are not significantly different according to 
Duncan's New Multiple Range test (p < 0.05). 
^Lowest measurements obtained on initial sampling date in all cases. 
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